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ABSTRACT
The work d e scrih e d  in  t h is  th e s is  c o n s is ts  o f . 
an in v e s t ig a t io n  in to  th e  n a tu re  o f  th e  complexes formed 
Between o rg an ic  a c id s  and Bases in  a p ro t ic  s o lv e n ts *
The p h y s ic a l te ch n iq u e s  employed were d ie le c t r ic  constan t 
measurement and n u c le a r m agnetic resonance (n *m *r .)  r e ­
s p e c t iv e ly .
The f i r s t  s e c t io n  o f  th e  th e s is  c o n s is ts  o f a 
summary o f th e  p ro p e r t ie s  o f hydrogen-Bended systems and 
o f  th e  th e o r ie s  conce rn ing  th e  n a tu re  o f th e  hydrogen 
Bond.
The second s e c tio n  deals f i r s t l y  w ith  th e  methods 
Based on d ie le c t r ic  co n s ta n t d e te rm in a tio n  which have Been 
used f o r  th e  s im u ltaneous d e te rm in a tio n  o f  a s s o c ia tio n  i  ~ 
con s tan t and d ip o le  moment o f  these  complexes. T h is  
is  fo llo w e d  By an account o f th e  d e te rm in a tio n  o f Both 
a s s o c ia tio n  constan t and d ip o le  moment o f s e v e ra l com­
p le xe s  o f a c e t ic  a c id  w ith  h e te ro c y c lic  Bases. T h is  
work was c a r r ie d  out w ith  th e  o b je c t o f  e s ta b lis h in g :
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( l )  Whether o r no t th e re  e x is ts  a v a l id  method 
fo r  th e  s im a ltaneous d e te rm in a tio n  o f a s s o c ia t io n  cons tan t 
and d ip o le  moment from  d ie le c t r ic  co n s ta n ts .
( i i )  Whether o r no t th e  d ip o le  moment change in  
th e  components on complex fo rm a tio n  can be found w ith  
s u f f ic ie n t  accuracy to  th ro w  l i ^ t  on th e  n a tu re  o f th e  
bonding between a c id  and base.
Computer prograi^n/^s were developed to  a s s is t  th e  
d e te rm in a tio n  o f  bo th  a s s o c ia tio n  constan t and d ip o le  
moment. T h is  te ch n iq u e  is  p a r t ic u la r ly  h e lp fu l  in  
cases where one o f th e  components o f th e  m ix tu re  i s  
s t ro n g ly  s e lf-a s s o c ia te d ,  bu t shou ld  be o f g e n e ra l use .
The re s u lts  suggested th a t  l i t t l e  charge t r a n s fe r  accom­
pan ied  hydrogen bond fo rm a t io n .
The t h i r d  s e c t io n  c o n s is ts  o f an account o f th e  * 
n .m .r .  sp e c tra  o f  a c e t ic  a c id  d is s o lv e d  in  benzene, c y c lo -  
hexane and s e v e ra l h e te ro c y c lic  bases.^ The r e s u lts  
were c o n s is te n t w ith  th e  v iew  th a t  l i t t l e  charge t r a n s ­
f e r  is  asso c ia te d  w ith  th e  hydrogen bonding between 
a c e tic  a c id ' and those  bases. '
.''-X .<
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A. GENERAL INTRODUCTION TO HYDROGEN BONDING
( l )  N ature  o f th e  Hydrogen Bond
The aim o f t h is  resea rch  was t o  in v e s t ig a te  th e  
n a tu re  o f th e  complexes formed by th e  in te r a c t io n  o f 
o rgan ic  a c ids  and bases in  apr o t ic  s o lv e n ts . To co n tri«  
bu te  t o  t h is  end, th e  d ip o le  moments o f th e  complexes and 
a s s o c ia tio n  con s tan ts  o f complex fo rm a tio n  were d e te r­
m ined. N uclear M agnetic Resonance (n .m .r . )  sp e c tra  
were a lso  de term ined. T h is  in fo  m a t io n  has served as 
a b a s is  f o r  d is c u s s io n  o f th e  n a tu re  o f the se  complexes.
Many years ago i t  was recogn ised  ^ th a t  s p e c ia l 
th e o r ie s  were necessary t o  e x p la in  th e  behaviour o f asso­
c ia te d  compounds. A p a r t ic u la r ly  ten a c io us  in te ra c t io n  
was recogn ised  in  m olecules w ith  h yd ro g en -co n ta in in g  
fu n c t io n a l groups. In  1903 Werner proposed th a t  an 
ammonium s a l t  has a c o n f ig u ra t io n  in  vAiich a p ro to n  l i e s  
between th e  ammonia m olecu le and th e  io n , i . e .
(H ^N . H)X. T h is  id e a  was developed fu r th e r  by
o
Moore and W in m ill who proposed a hydrogen-bonded 
s t ru c tu re  o f u n d isso c ia te d  t r im e th y l ammonium h y d ro x id e .
9.
In  1920 L a tim e r and Hodebush ^  recogn ised  th e  cause o f 
th e  a s s o c ia tio n  o f w ater and a lso  th e  cause o f i t s  
p e c u lia r  p h y s ic a l and chem ica l p ro p e r t ie s .  Prom these 
beg inn ings  has grown up an immense amount o f  rese a rch  
in to  th e  n a tu re  o f hydrogen bond ing.
Today, t h is  s u b je c t p re se n ts  a ch a lle n g e  to  th e  
chem is t, in  th a t i t  can be regarded as th e  bo rd e rla n d  be­
tween th e  f ie ld s  o f s tro n g  chem ica l bonds and those weaker 
in te ra c t io n s  re s p o n s ib le  fo r  l iq u e fa c t io n  a t s u f f ic ie n t ly  
low  tem p era tu res . I t  is  d i f f i c u l t  t o  d e f in e  t h is  in t e r ­
a c t io n  in  p re c is e  te rm s; indeed, E .B . W ilso n , J n r . ^ 
once observed th a t  a p re c is e  d e f in i t io n  u s u a lly  evokes 
c r i t ic is m  from  two d ire c t io n s .  T h is  is  p a r t ic u la r ly  
p e r t in e n t  t o  th e  case o f th e  hydrogen bond but f o r  th e  
puzrposes o f  t h i s  th e s is  a hydrogen bond can be sa id  to  
e x is t  between a fu n c t io n a l group AH and an atom o r group 
o f  atoms B in  th e  same o r a d i f f e r e n t  m o lecu le  when th e re  
is  evidence f o r  bond fo rm a tio n  and fu r th e r  th e re  is  e v i­
dence f o r  an in te ra c t io n  between AH and B s p e c i f ic a l ly  
in v o lv in g  th e  hydrogen atom a lre a d y  bonded t o  A. T h is  
d e f in i t io n  leads  im m edia te ly  to  th e  q u e s tio n  o f  what 
groups fo rm  hydrogen bonds. P a u lin g  ^ noted th a t
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chem ists t a l k  about hCnds when convenience d ic ta te s
id e n t i f y in g  a group o f atoms as an e n t i t y .  The
hydrogen bond is  u s u a lly  cons ide red  t o  be a
bond in  w hich a hydrogen atom l i e s  between two c lo s e ly
spaced e le c tro n e g a tiv e  atoms A and B, e .g . oxygen,
n itro g e n  or f lu o r in e .  There a re , however, o th e r
systems no t u n iv e r s a l ly  accepted as hydrogen bonding
systems, ch lo ro fo rm  and p y r id in e ,  s e l f  a s s o c ia tio n  o f
hydrogen cyan id e , in  bo th  o f w hich a C-H bond appears
to  bond t o  n itro g e n . There is  evidence f o r  hydrogen
bonding o f a c e ty le n ic  C-H bonds, and th e re  is  a lso  good
evidence f o r  hydrogen bonding between Lewis a c id s  and
7arom atic  hydrocarbons a c t in g  as bases. In  f a c t ,
th e  phenomenon o f hydrogen bonding is  more w idespread 
th a n  one would f i r s t  im agine. The o p e ra tio n a l d e f i ­
n i t io n  o f a hydrogen bond g ive n  e a r l ie r  p e rm its  examina­
t io n  o f  evidence f o r  hydrogen bonding in  systems no t 
g e n e ra lly  considered to  in v o lv e  t h i s  ty p e  o f in te ra c t io n .
(2 ) P ro p e r t ie s  o f hydrogen-bonded substances
The fo rm a tio n  o f  a hydrogen bond in  a s o lu t io n  
o r in  a compound m o d if ie s  a g re a t many p h y s ic a l and a 
few chem ica l p ro p e r t ie s .  These changes are not
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s u rp r is in g  in  l i ^ t  o f  th e  fa c t  th a t hydrogen bonding 
a l te r s  th e  e le c tro n ic  s t ru c tu re  o f th e  fu n c t io n a l 
groups concerned. The most commonly observed p h y s i­
c a l p ro p e rty  m o d if ic a tio n s  are frequency s h i f t s  o f 
In fra -R e d  and Raman bonds, a lte re d  f re e z in g  and b o i l in g  
p o in ts ,  chaztged d ie le c t r ic  p ro p e r t ie s  and p ro to n  m agnetic 
resonance s h i f t s .  O ther p ro p e r t ie s  which are a ffe c te d  
in c lu d e  l i q u id  and vapour d e n s it ie s ,  m olar volume, v is ­
c o s i ty ,  e le c tro n ic  s p e c tra  and th e rm a l c o n d u c t iv ity .
These v a r io u s  e f fe c ts  may be c la s s i f ie d  by 
b r i e f l y  c o n s id e rin g  th e  changes in  the  m olecu le which 
are  re s p o n s ib le  fo r  th e  changes in  observed p ro p e r t ie s .  
Eor example, th e  s p e c tra l changes in d ic a te  a lte re d  
e le c tro n  arrangements and p o s it io n s  o f atoms in  th e  
neighbourhood o f donor g roups. D e v ia tio n s  from  
id e a l gas and s o lu t io n  laws are caused p r in c ip a l ly  
by th e  increased m o lecu la r w e ig h t r e s u lt in g  when one 
complex u n i t  is  formed from  two o r more s im p le r u n i t s .  
E le c t r ic a l  p ro p e r t ie s  a re  abnormal f o r  hydrogen-bonded 
substances because th e  d ip o le s  are  a ffe c te d  by th e  
p o s it io n s  o f th e  hydrogen atoms, and, in  many m a te r ia ls  
th e  d ip o le s  a re  a lig n e d  in  s p e c ia l o rd e r ly  arrangements
12.
by p o lym e ric  com plex ing . An obvious example o f t h is  
is  w a te r.
(3 ) Methods o f D e te c tio n  o f  Hydrogen bonds
(a ) N on-Snectrosconic
Hydrogen bonds were f i r s t  de te c te d  th rough  so lu ­
b i l i t y  s tu d ie s  ^  and were q u ic k ly  found by th e  many o th e r 
n o n -sp ec trosco p ic  techn iques a v a ila b le  in  th e  f i r s t
q u a rte r o f th e  tw e n t ie th  c e n tu ry . Severa l review s
8 Qo f hydrogen bonding systems * and th e i r  n o n -s p e c tra l 
p ro p e r t ie s  e x is t .  Non spe c trosco p ic  methods o f de­
te c t io n  depend on th e  fa c t  th a t  th e  engagement o f  a 
group in  hydrogen bond fo im a tio n  m o d ifie s  th e  p h y s ic a l,  
and to  a le s s e r  e x te n t th e  chem ica l p ro p e r t ie s  o f th e  
group concerned. The methods th e re fo re  c o n s is ts  o f
a oon^a rison  o f p ro p e r t ie s  d isp la ye d  by th e  substance 
suspected to  have a hydrogen-bonded s tru c tu re  w ith  tho se  
o f  s im i la r  substances known not to  have a hydrogen-bonded 
s tru c tu re .  A lte rn a t iv e ly  th e  a c tu a l va lu e  o f a p a r t i ­
c u la r  p h y s ic a l p ro p e rty  may be compared w ith  a p re d ic te d  
v a lu e  o f  th a t p ro p e r ty .  T h is  p re d ic te d  va lue  i s  th e  
v a lu e  expected assuming no hydrogen bond fo rm a tio n .
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Eor example, th e  v is c o s ity  o f  an assoc ia ted  substance i s  
commonly h ig h e r th a n  th a t  o f  s im i la r  non asso c ia te d  com­
pounds. T h is  g re a te r v is c o s it y  is  reasonab le  in  v iew  
o f th e  increased  s iz e  and reduced m o b il i t y  o f  m olecu les 
o f th e  a sso c ia te d  substance. The e f fe c t  o f hydrogen 
bonding on some phys icochem ica l p ro p e r t ie s  o f l iq u id s  is  
summarised in  th e  below ta b le :
TABLE A . I .
P ro p e rty  Behaviour o f in te rm o le c u la r
hydrogen bonded compound 
r e la t iv e  to  non hydrogen 
_ _ _ _ _  bonded compound_____________
M ola r Volune Lower
D e n s ity  H igher
M olar P o la r is a t io n  H igh e r
Thermal C o n d u c tiv ity  H igher
V is c o s ity  H igher
Surface Tension H i ^ e r
To i l l u s t r a t e  t h is  ta b le  l e t  us cons ide r th e  e f fe c t  o f
hydrogen bonding on th e  the rm a l c o n d u c t iv ity  o f a l i q u id .  
10Palmer has shown th a t  i t  p ro ba b ly  a s s is ts  th e  conduct­
i v i t y  in  two ways; f i r s t l y  by causing th e  m olecu le to  
o r ie n ta te  i t s e l f  in  th e  d ir e c t io n  o f hea t f lo w  and
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secondly by a f fo rd in g  an a d d it io n a l method f o r  th e  t ra n s fe r  
o f  hea t energy t o  ta ke  p la c e .
The use o f  e le c t r ic a l  measurements has been
f a i r l y  im p o rta n t in  th e  s tud y  o f  hydrogen bond ing . One
o f th e  most im p ortan t r e s u lts  o f hydrogen bonding in
l iq u id s  such as w a te r, hydrogen cyan ide  and hydrogen
f lu o r id e  is  th e  h ig h  d ie le c t r ic  constan t conq)ared w ith
o th e r compounds w ith  a s im i la r  d ip o le  moment. The
m o le cu la r p o la r is a t io n  o f such substances is  a ffe c te d  
by
no t on ly/changes in  d ie le c t r ic  cons tan t bu t a ls o  by th e  
h ig h  d e n s it ie s  o f the se  l iq u id s  r e s u lt in g  from  t h is  
a s s o c ia tio n . The e f fe c t  o f hydrogen bonding on d i ­
e le c t r ic  con s tan t or d ip o le  moment is  complex. However, 
th e  fo llo w in g  g e n e ra lis a t io n s  a re  v a l id :
(a ) D ie le c t r ic  c o n s ta n t, £ ,  and d ip o le  m o m e n t , 
do no t in c re a se  to g e th e r ,  i . e .  h ig h  £ does 
n o t n e c e s s a r ily  mean h ig h  ^  .
(b ) H igh  va lue s  o f  ^ a re  u s u a lly  found in  in t e r -  
m o le c u la r ly  hydrogen bonded substances in  which 
non c y c l ic  a s s o c ia tio n  occurs , e .g . HgO.
(c ) Dow va lu e s  o f £ are u s u a lly  found in  in t r a -  
m o le c u la r ly  hydrogen bonded substances, e .g . 
s a lic a ld e h y d e .
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(d ) The arrangement o f atoms w ith in  a m o lecu le ,
and w ith  le s s  con fidence  o f m olecules w i th in  
a po lym e ric  u n i t  can he determ ined by conq)ar- 
in g  th e  measured d ip o le  moment w ith  va lues  
c a lc u la te d  by th e  v e c to r ia l  a d d it io n  o f bond 
moments f o r  v a r io u s  arrangem ents.
(e ) Hydrogen bond fo rm a tio n  between th e  components
o f  a m ix tu re  can be in fe r re d  in  the same way
as ( d ) .
These to p ic s  w i l l  be d e a lt w ith  a t g re a te r le n g th  la te r  
in  t h is  th e s is .
A second g e n e ra l d ie le c t r ic  method is  th e  measure­
ment o f  d is p e rs io n  or lo s s .  T h is  in v o lv e s  th e  measure­
ment o f th e  d ie le c t r ic  constan t over a range o f fre q u e n c ie s  
in  th e  microwave o r s h o rt ra d io  wave re g io n , where d is ­
p e rs io n  can be re la te d  to  m o le cu la r p ro p e r t ie s .  In  
g e n e ra l d is p e rs io n  phenomena occur when th e  response o f 
a system la g s  behind th e  e x c it in g  fo rc e .  In  d ie le c t r ic  
substances such a la g  in d ic a te s  th a t  a f i n i t e  tim e  p e r io d  
accompanies some ty p e  o f  rearrangement w ith in  th e  m o lecu le . 
T h is  f i n i t e  p e r io d  is  c a lle d  th e  re la x a t io n  t im e , T  , and 
v a r ie s  w ith  th e  form  o f th e  re a rra n g m ie n t. Hasted and
16.
co-w orkers found th a t  w a te r-d io xa n e  m ix tu re s  had 
lo n g e r r e la x a t io n  tim e s  as th e  p ro p o r t io n  o f d ioxane 
increased  o r th e  tem pera tu re  was low ered . Both these  
tre n d s  can be e xp la in e d  by th e  fo rm a tio n  o f  a hydrogen 
bonded co rip lex .
TABLE A .2.
Type o f  R e la x a tio n  Process R e la x a tio n  Times
E le c tro n ic  lO ” ^^  sec.
Atom ic 10**^^ to  10 "^^  sec.
—12D ip o le -M o le c u la r Gas 10" sec.
D ip o le -M o le c u la r l i q u id  10 "^^  to  10 "^^  sec.
D ip o le -M o le c u la r v is co u s  l i q u id  10 "^  sec.
D ip o le -M o le c u la r s o l id s  and p
extrem e ly  v isco u s  l iq u id s  10" to  10 sec.
Tab le  A ,2 g ive s  some in d ic a t io n  o f th e  le n g th s  o f v a r io u s
re la x a t io n  processes.
In  summary th e se  con c lu s io ns  are w e ll  e s ta b lis h e d . 
P i r s t l y ,  hydrogen bonds occur in  a l l  th re e  phases o f 
m a tte r and are le s s  common as tem pera tu re  in c re a se s . 
Secondly, hydrogen bonding may be de tec ted  more o r le s s  
e a s ily  by any p h ys ico -ch e m ica l te s t  method. However,
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te s ts  a p p lie d  to  s o lu t io n s  and pure  l iq u id s  which a re  o f 
th e  g re a te s t in te re s t  s u f fe r  from  an incom p le te  t h e o r e t i ­
c a l tre a tm e n t o f th e se  s ta te s .  At p re s e n t, w ith  th e  
e xce p tio n  o f  s p e c tra l s tu d ie s , d ie le c t r ic  measurements 
g iv e  th e  most in fo rm a tio n  about hydrogen bonding though 
c ryosco p ic  and s o lu b i l i t y  in v e s t ig a t io n s  are  v e ry  v a lu a b le .
(b ) S pectroscop ic
T h is  s e c tio n  dea ls  w ith  spec troscop ic  methods
o f d e te c t in g  hydrogen bonding in  a l l  phases o f m a tte r.
Any such account must f i r s t  lo o k  a t I n f r a  Red ( I .R . )
Spectroscopy f o r  i t  was th e  r e a l is a t io n  th a t  th e  I .R .
spectrum p ro v id e s  a c r i t e r io n  f o r  d e te c t io n  o f  hydrogen 
12bonds which f i r s t  e s ta b lis h e d  I .R .  Spectroscopy as an
a n a ly t ic a l  t o o l  in  ch e m is try . The most prom inent
e f fe c t  o f  hydrogen bonding on th e  v ib r a t io n a l  spectrum
is  th e  s h i f t  o f  th e  a b so rp tio n  o f  th e  A-H s tre tc h in g
mode and i t s  harm onics to  low er fre q u e n c ie s . T h is  was
f i r s t  observed f o r  a number o f  compounds w h ich  fo rm  in t e r -
m o lecu la r hydrogen bonds. A l i t t l e  e a r l ie r  i t  had been 
13found th a t  th e  in te n s i ty  and freq ue ncy  o f  th e  0-H 
s t re tc h in g  mode o f an a lc o h o l were dependent on concen­
t r a t io n  and tem p e ra tu re . T h is  behaviour was a t t r i ­
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buted to  m o lecu la r a s s o c ia t io n . Soon i t  was g e n e ra lly  
re a lis e d  th a t  th e  I .R .  spectrum p ro v id e d  a c r i t e r io n  f o r  
d e te c t in g  hydrogen bond ing . The e f fe c t  o f hydrogen 
bonding on th e  A-ÏÏ s t re tc h in g  mode is  complex in  th a t  
as w e ll as th e  s h i f t  in  frequency, th e re  are changes in  
th e  h a l f  w id th  and in te g ra te d  a b s o rp tio n  c o e f f ic ie n t .
The h a l f  w id th  o f th e  fundam ental and i t s  harm onics are 
bô th  broadened and w h ile  th e  in te g ra te d  a b s o rp tio n  co­
e f f ic ie n t  o f  th e  fundam enta l is  increased m an y-fo ld , th e  
correspond ing  c o e f f ic ie n ts  fo r  th e  harm onics a re  decreas­
ed s l i g h t l y .  A l l  these  e f fe c ts  a re  fo r  th e  most p a r t 
e q u a lly  a p p lic a b le  to  Raman spectroscopy. Both the se  
sp e c trosco p ic  techn iques re v e a l th e  c h a ra c te r is t ic  v ib r a ­
t io n a l  fre q u e n c ie s  o f a m o lecu le , and f o r  most m olecules 
bo th  a re  needed b e fo re  th e  v ib r a t io n a l  p a tte rn  can be 
f u l l y  understood . In  a d d it io n  t o  the se  two th e re  are  
o th e r v a lu a b le  sp e c tro sco p ic  te ch n iq ue s  f o r  examining 
hydrogen-bonding systems. Hydrogen bonding w i l l  a l t a r
th e  u l t r a - v io le t - v i s ib le  spectru#  o f a m olecule i f  th e  
r
chromophojfic p o r t io n  o f  th e  m olecu le is  p e rtu rbe d  by th e  
hydrogen bond. The re c o g n it io n  and in te r p r e ta t io n  o f 
th e  e f fe c t  o f  hydrogen bonding on e le c tro n ic  t r a n s i t io n s
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has been in h ib i te d  by th e  d i f f i c u l t y  o f d is t in g u is h in g  
i t  from  non hydrogen bonding so lve n t in te ra c t io n s .
Nagakura and Baba ^  were f i r s t  t o  recogn ise  th e  e f fe c t  
hydrogen bonding cou ld  have on th e  v is ib le  and u l t r a ­
v io le t  ( u . v . )  s p e c tra . S ince th e n  numerous examples 
have been re p o rte d  in c lu d in g  an in te re s t in g  recen t
1  gy ^
o b se rva tio n  by Nagakura and Kaya ^  who n o tic e d  s h i f t s  
in  th e  c h a ra c te r is t ic  a b s o rp tio n  bands o f amides in  th e  
vacuo u .v .  re g io n . These s h i f t s  were a t t r ib u te d  by 
th e  au tho rs  t o  hydrogen bond fo rm a tio n , and in  p a r t ic u ­
l a r  th e  s h i f t  to  h ig h e r frequency to  r in g  dimer fo rm a tio n , 
and th e  s h i f t  to  low e r frequency to  ch a in  dimer fo rm a tio n .
S ince 1950 th e re  has been a ra p id  development 
o f  th e  use o f n u c le a r m agnetic resonance (n .m .r . )  sp e c tro ­
scopy fo r  th e  in v e s t ig a t io n  o f  m o lecu la r s t ru c tu re .  The 
hydrogen bond i s  one o f th e  s p e c if ic  bonding s itu a t io n s  
most s u ite d  to  in v e s t ig a t io n  by n .m .r .  T h is  w i l l  be 
d e a lt  w ith  la t e r  in  t h is  th e s is .  Bor th e  moment i t  
w i l l  s u f f ic e  t o  say th a t  t h is  te ch n iq ue  is  p ro ba b ly  as 
v a lu a b le  as I .E .  spectroscopy.
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(4 ) T h e o re t ic a l trea tm e n t o f th e  hydrogen bond
Progress tow ards th e  development o f an a l l  
embracing th e o ry  o f  th e  n a tu re  o f  th e  hydrogen bond 
has been somewhat d is a p p o in tin g . P a u lin g  con­
s id e re d  th a t  th e  hydrogen bond must be e le c t r o s ta t ic  
in  n a tu re . H is  model o f th e  hydrogen bond was based 
on th e  Valence Bond re p re s e n ta t io n  o f  chem ica l bonds 
and c ite s th e  P a u li E xc lu s io n  P r in c ip le  as w e ll as a 
c o n s id e ra b le  volume o f chem ica l evidence in  i t s  su p p o rt. 
P a u lin g  argued th a t  a hydrogen atom w ith  o n ly  one s ta b le  
o r b i t a l  cannot fo rm  more th a n  one pure  co va le n t bond as 
th e  bond fo rm in g  power o f th e  o u te r o r b i ta ls  was n e g l i­
g ib ly  s m a ll. In  re p ly  to  th e  suggestion  th a t  use 
m i ^ t  be made o f  an I  *  o r b i t a l  t o  form a second co va le n t 
bond he argued th a t  i f  an A-H bond w ith  l i t t l e  io n ic  
ch a ra c te r is  formed th e n  th e  p ro to n  is  alm ost com p le te ly  
sh ie ld e d  by i t s  h a l f  o f  th e  shared e le c tro n  p a ir  and 
a c c o rd in g ly  has no power t o  a t t r a c t  an 1 e le c tro n , 
fu r th e r  i f  th e  A-H bond was s u f f ic ie n t ly  io n ic  t o
*  I» o r b i t a l  means one f o r  which th e  p r in c ip a l quantum 
number, n -  2 .
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a t t r a c t  an L e le c tro n  th e n  th e  p ro to n  cou ld  use i t s  
IS  o r b i t a l  f o r  co va le n t bond fo rm a tio n  and so would 
n o t need to  c a l l  upon th e  u n s ta b le  o r b i t a l .
T h is  e le c t r o s ta t ic  p ic tu re  o f th e  hydrogen 
bond serves to  e x p la in  a g re a t many o f i t s  observed 
p ro p e r t ie s .  Eor example, th e  hydrogen is  n o rm a lly  
a bond by hydrogen between two atoms. The p o s it iv e  
hydrogen io n  is  a bare p ro to n  w ith  no occupied e le c tro n  
s h e l l  around i t .  T h is  sm a ll a c t io n  would a t t r a c t  one 
an ion (shown below as a r i g id  sphere o f  f i n i t e  ra d iu s )  
t o  th e  e q u ilib r iu m  in te r  nu c le a r d is ta n c e  equal t o  th e  
an ion  ra d iu s  and cou ld  th e n  s im i la r ly  a t t r a c t  a second 
an ion to  fo rm  a s ta b le  com plex.
A t h i r d  an ion  would be prevented from  approach­
in g  c lo se  to  th e  p ro to n  by anion-"anion c o n ta c ts . Ex­
ce p tio n s  to  th e  ge ne ra l r u le  th a t  th e  c o -o rd in a t io n
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number o f hydrogen does not exceed two are ra re .  One
18in te re s t in g  example is  c i te d  by A lb re c h t and Corey 
in  which th e y  showedthat th e  c r y s ta l s tru c tu re  o f  g ly c in e  
con ta in ed  what appeared to  be a b ifu rc a te d  hydrogen bond.
E ig u re  A. 2.
Secondly, on ly  th e  more e le c tro n e g a tiv e  atoms 
shou ld  fo rm  hydrogen bonds, and the  s tre n g th  o f th e  bond 
shou ld  inc rea se  w ith  inc rea se  in  th e  e le c tro n e g a tu it ie s  
o f th è  two bonded atoms. I t  i s  found th a t  f lu o r in e  
forms v e ry  s tro n g  hydrogen bonds, oxygen weaker ones, 
and n itro g e n  s t i l l  weaker ones. A lthough i t  has th e  
same e le c t ro n e g a t iv i ty  as n itro g e n , c h lo r in e  has o n ly  a 
v e ry  sm all hydrogen bond fo rm ing  power; t h is  may be 
a t t r ib u te d  to  i t s  la rg e  s iz e  r e la t iv e  t o  n itro g e n  w hich 
causes i t s  e le c t r o s ta t ic  in te ra c t io n s  to  be weaker than  
those  o f n itro g e n *
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I f ,  however, o n ly  e le c t r o s ta t ic  fo rc e s  were in ­
vo lve d  in  hydrogen bonding th e n  one would expect th a t 
th e  d ip o le  moment, , o f th e  e le c tro n  donor B would 
be th e  c o n t r o l l in g  fa c to r  in  determ ing th e  s tre n g th  o f 
an A -H .. . .B  formed w ith  any one A-H* T h is , however, 
i s  no t th e  case. I t  is  now re a lis e d  th a t  e le c tro n  
d é lo c a l is a t io n  e f fe c ts  a r is in g  from  th e  m utual p o la r i ­
s a t io n  o f th e  two m o lecu les , re p u ls iv e  fo rc e s  between 
doub ly f i l l e d  o r b i ta ls  in  th e  m o lecu les , and d is p e rs io n
fo rc e s  o f th e  Dondon/Van der Waals ty p e  must be taken
IQin to  c o n s id e ra tio n . Sokolov ^ suggested th a t  i f  o n ly  
th e  e le c tro n s  assoc ia ted  w ith  th e  A-H bond and th e  lo ne  
p a ir  on B are t o  be ta ke n  in to  accoun t, th e n  th re e  
s tru c tu re s  must be combined in  d e s c r ib in g  th e  s ta te  o f 
th e  lin k a g e :
(1 ) A-H B Pure co va le n t l i n k
(2 ) A^") H ^*) B Pure io n ic  l i n k ,  no charge
t ra n s fe r
(3 ) A ^") H-B^"^) Charge t r a n s fe r ,  H-B bonding
T h is  work was extended by Coulson and D an ie lsson^^ 
u s in g  th e  same b a s ic  th re e  s tru c tu re s  bu t a l te r n a t iv e  
e m p ir ic a l r e la t io n s h ip s .  Tsubornera added two
24.
fu r th e r  c o n tr ib u t in g  s t ru c tu re s :
( 4) B Pure io n ic ,  no charge t r a n s fe r
( 5) A-B^^^ Charge t r a n s fe r ,  A-B bonding
The com plete c a lc u la t io n  o f th e  r e la t iv e  w e ig h ts
o f  these  s tru c tu re s  is  p r o h ib i t iv e ly  d i f f i c u l t .
Tsubomara attem pted i t  in  th e  case o f th e  0^ -  E. ...O g
bond between two w ater m o lecu les . Taking th e
o
O^^.e.Og d is ta n c e  to  be 2*70 A he es tim a ted  th e  w e i^ t s  
t o  be:
( 1) 70^ (2 ) 8^ (3 ) (4 ) 1 9 ^  (5 )
o
Now a d is ta n c e  o f  2.70 A should correspond to  
a ra ÿ h e r weak hydrogen bond and consequently  th e  w e igh ts  
o f  ( 3) and ( 5) should be sm a ll bu t one would n o t expect 
th e  w e i^ t  o f  (4 ) to  exceed th a t  o f  ( 2 ) .  I t  i s  l i k e l y  
th a t  u s in g  some o f th e  more re c e n t ly  developed a p p ro x i­
m ations to  pe rfo rm  s im i la r  c a lc u la t io n s ,  one m ig ^ t o b ta in  
more s e n s ib le  r e s u l t s .  P u rth e r i t  would be s e n s ib le  
to  choose ra th e r  d i f fe r e n t  o r b i ta ls  from  those used by 
Tsubomara.
There has always been co n s id e ra b le  doubt re g a rd ­
in g  th e  a p p ro p r ia te  law  to  use f o r  th e  overlap  re p u ls io n
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fo rc e .  Theory would suggest a fo rc e  oh eying an
e xp o n e n tia l ty p e  re la t io n s h ip  e~^^ between n e u tra l 
atoms. However, in  t h is  case th e  atoms are no t
n e u tra l,  fu rth e rm o re  th e  e x is te n ce  o f p a r t ia l  cova le n t 
bonding expressed by s tru c tu re s  3 and 5 must im p ly  
th a t  th e  s im p le  d e s c r ip t io n  o f  the se  o ve rla p  fear ces 
is  inadequate .
Ever s in ce  London 's p ion ee r work i t  has been 
g e n e ra lly  agreed th a t  d is p e rs io n  fa rc e s  c o n tr ib u te  to  
a l l  in te rm o le c u la r  and in te ra to m ic  p o te n t ia ls .  There 
a re , however, d i f f i c u l t i e s  in  any es tim a te  o f t h e i r  
magnitude in  th e  case o f hydrogen bonding. The most 
s e rio u s  o f th e se  is  th a t  th e  atoms in  q u e s tio n  are too  
c lo se  to g e th e r f o r  th e  custom ary a n a ly s is  o f d is p e rs io n  
fo rc e s  t o  a p p ly . There is  a fu r th e r  d i f f i c u l t y  in  
a p p T y i^  fo rm u lae  de rive d  f o r  is o la te d  atoms, f o r  we 
must c le a r ly  exclude th e  e le c tro n s  u t i l i s e d  in  an 
e le c t ro n -p a ir  bond. Yet i t  is  these e le c tro n s  which 
would be th e  most h ig h ly  p o la r is a b le  and would th e re ­
fo re  c o n tr ib u te  most to  th e  d is p e rs io n  energy.
The m o lecu la r o r b i t a l  d e s c r ip t io n  o f  th e  hydrogen
bond has re ce ive d  s u rp r is in g ly  l i t t l e  a t te n t io n .
22P im e n ta i d iscussed th e  s t ru c tu re  o f  th e  b i f lu o r id e
26,
io n  in  term s o f m o lecu la r o r b i ta ls  formed by a l in e a r  
com b ina tion  o f atom ic o r b i t a ls .  U sing on ly  f lu o r in e  
o r b i ta ls  d ire c te d  a long th e  bond and Pg) and th e  
hydrogen atom IS  o r b i t a l ( y )  th re e  m o lecu la r o r b i ta ls  
r e s u l t .  These are shown in  Tab le A .3 . (n o t norm al­





M o le cu la r O rb ita ls  f o r  Hydrogen Bond Format io n
Sym m etrica l Unsym m etrica l Bo Bond 
Hydrogen Bond Hydrogen Bond _______
^a n tib o n d in g  -  Pg) -  a^s (p ^  -  b^Pg) -  a^s -  a^s)
gnonbonding + Pb^ f ^ 2pA + PB^
^bond ing ( P i  -  Pb) + &18 (Pa -  t^P ^ ) + ®l®(pA +
In to  these  th re e  m o lecu la r o r b i ta ls  have to  go 
fo u r  e le c tro n s . The ground s ta te  would in v o lv e  bo th
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th e  bonding and non bonding m o le cu la r o r b i t a ls .  T h is  
d e s c r ip t io n  can be extended to  unsym m etrica l hydrogen 
bonds. I n  each o r b i t a l  th e  c o e f f ic ie n t  b decreases 
from  u n it y  to  zero as B is  moved away from  a sym m etrica l 
p o s it io n .  When th e  d is ta n c e  is  s u f f ic ie n t ly  la rg e  no 
hydrogen bond e x is ts ,  th e  p a ir  o f e le c tro n s  in  
form s th e  A-H bond* and th e  o th e r p a ir  is  lo c a te d  on 
th e  base atom B. I t  is  in te re s t in g  to  compare t h is  
p ic tu r e  o f  an hydrogen bond to  th e  th re e  c e n tre  o r b i ta ls  
proposed by Lipscomb and co-w orkers f o r  th e  borane 
B-E-B b r id g e s . The p r in c ip a l  d if fe re n c e  is  th a t th e  
b i f lu o r id e  io n  case in v o lv e s  fo u r  e le c tro n s , hence th e  
non bonding o r b i t a l  must be u t i l i s e d .  W h ils t th e  
borane is  e le c tro n  d e f ic ie n t ,  o n ly  th e  bonding o r b i t a l  
be ing  occupied by an e le c tro n  p a ir .  Since t h is  im p lie s  
h ig h  charge on th e  te rm in a l atoms, the  bond w i l l  be most 
s ta b le  i f  the se  atoms are  h ig h ly  e le c tro n e g a tiv e .
Another approach to  th is  problem  is  to  assume 
an e x p l ic i t  form  f o r  th e  p o te n t ia l  fu n c t io n  assoc ia ted  
w ith  th e  movement o f  th e  hydrogen atom in  th e  hydrogen 
bond. The most developed such fu n c t io n  is  due to  
L ip  in c o t t  and Schroeder 24,25 w r i t te n  as th e  sum
2 8 .
o f  fo u r  te rm s.
where \  -  “ o [  ^  "  erp [ ) j  i
Vg .  A [e ip ( - b B ) ] ; B_ i
R
I n  Y m A-H in te r  n u c le a r d is ta n c e ,
A-H in te rn u c le a r  d is ta n ce  in  th e  absence o f th e  hydrogen
bond, J>o ** A-H d is s o c ia t io n  energy. In
have th e  same meaning f o r  th e  B-H bond. The t h i r d  and 
fo u r th  term s re p re se n t th e  Van der Waals* re p u ls io n  
fo rc e  and th e  e le c t r o s ta t ic  a t t r a c t io n  between A and B.
The u se fu ln e ss  o f th e  fu n c t io n ,  l i k e  th a t  o f 
th e  Morse fu n c t io n  f o r  d ia to m ic  m olecules depends on 
i t s  a p p l ic a b i l i t y  to  o b s e rv a tio n a l d a ta . U n fo r tu n a te ly  
i t  does not possess th e  v i r t u e  o f s im p l ic i t y .
In  summary th e re  are  tw o bas ic  reasons fo r  th e
s u b s ta n t ia l support enjoyed by th e  e le c t r o s ta t ic  model
V
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o f th e  hydrogen bond. F i r s t l y  i t  avo ids th e  c la sh  o f
th e  hydrogen bond e x tra va le n cy  w ith  our c la s s ic a l th e o ry  
o f th e  chem ica l bond. Secondly, i t  o f fe rs  th e  p o s s i-
b i l i t y  o f quan tja tive  c a lc u la t io n  o f hydrogen bond behaviour 
U n fo r tu n a te ly  some phenomena a re  no t to o  amenable t o  t h is  
model. The cova le n t d e s c r ip t io n  has appeal from  t h is  
s ta n d -p o in t e x p la in in g  some behav iour n o t r e a d i ly  e x p la in ­
ed by th e  e le c t r o s ta t ic  model. However, i t  does have 
th e  d i f f i c u l t y  o f  f i t t i n g  e x tra va le n cy  in to  our p resen t 
va lence  bond unde rs tand in g  o f th e  chem ica l bond. T h is  
d i f f i c u l t y  may foreshadow a tu rn  towards th e  m o lecu la r 
o r b i t a l  approach.
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B . MOLECULAR COMPLEXES. SBÎŒLTABEÜÏÏS DBTERICCHATIOB 
OF ASSOCIATIOB COÏÏSTAET ABD DIPO LE MOMENT
( l )  In t ro d u c t io n
The fo rm a tio n  o f complexes between o rgan ic  ac ids  
and bases may be rep resen ted  as a s e r ie s  o f e q u i l ib r ia .
h  -  +





The ex te n t to  which th e  e q u ilib r iu m  1 is  s h i f te d  t o  th e  
r ig h t  is  v e ry  much dependent on th e  n a tu re  o f  AS and B. 
In  g e ne ra l f o r  a g ive n  a c id  AH, in c re a se  in  th e  s tre n g th  
o f th e  base w i l l  r e s u lt  in  an in c re a se  in  th e  tendency 
tow ards io n -p a ir  fo rm a tio n  ra th e r  th a n  e x is te nce  in  th e  
hydrogen-bonded fo rm . The la s t  stage 4 in  th e  e q u i l i ­
b rium  process can o n ly  occur a p p re c ia b ly  in  media o f 
h ig h  d ie le c t r ic  c o n s ta n t. T h is  in v e s t ig a t io n  is  
concerned o n ly  w ith  complex fo rm a tio n  in  benzene s o lu ­
t io n  and consequently  t h is  stage can be igno red . At
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th e  same tim e , however, th e  p o s it io n  is  com p lica ted  by 
th e  fa c t  th a t  in  n o n - io n is in g  s o lv e n ts , c a rb o z y lic  ac ids 
tend  to  a ss o c ia te , p r in c ip a l ly  in to  d im ers.
The a s s o c ia tio n  o f d ip o la r  m olecules may le a d  to  
co n s id e ra b le  changes in  th e  d ie le c t r ic  p o la r is a t io n  o f 
th e  medium in  which th e y  a re  co n ta in ed ; consequently  
d ie le c t r ic  constan t measurements p ro v id e  a good method 
f o r  d e te c t in g  th e  fo rm a tio n  o f m o lecu la r complexes in  
s o lu t io n .
B e fo re  t h is  work on m o lecu la r complexes was 
s ta r te d  an in v e s t ig a t io n  in to  th e  m o lecu la r s ta te  o f 
a c e t ic  a c id  in  benzene s o lu t io n  was c a r r ie d  o u t.
( 2) P rev ious  Work
(a ) A c e tic  Acid
The problem  o f th e  s t ru c tu re  o f  c a rb o x y lic  
a c id s  in  s o lu t io n  has a t t ra c te d  a con s id e ra b le  amount _ 
o f  a t te n t io n .  I t  is  now g e n e ra lly  accepted th a t  a t 
v e ry  low  c o n c e n tra tio n s  o f a c id , th e re  e x is ts  an e q u i l i ­
b rium  between d im e ric  and monomeric spec ies ,
^  /  assn ■ [%] 2
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At h ig h e r c o n ce n tra tio n s  th e re  may w e ll he fu r th e r  asso­
c ia t io n  t o  fo rm  po lym e ric  spec ies . l e  Fevre and 
V ine  measured th e  d ie le c t r ic  co n s ta n ts , r e f r a c t iv e  
in d ic e s  and d e n s it ie s  o f  d i lu te  s o lu t io n s  o f a c e t ic  and 
c h lo r in a te d  a c e tic  a c id s  in  benzene. T h e ir  chosen 
c o n c e n tra tio n  range was from  10~^ to  10 "^  moles pe r 
l i t r e .  In  th e  upper l i m i t  o f  such a c o n c e n tra tio n  
range t h e i r  assum ption th a t  a l l  th e  ac id  is  p resen t as 
an e q u ilib r iu m  between monomer and dim er and n o th in g  
e lse  is  p ro b a b ly  in c o r re c t .  The au thors d id  no t eva lu ­
a te  o r ^ b u t  in s te a d  from  th e  v a r ia t io n  o f  molecu­
l a r  p o la r is a t io n  w ith  c o n c e n tra tio n  showed th a t th e  s ta ­
b i l i t y  o f th e  d im e ric  form  in  an a p ro t ic  so lv e n t does 
no t in c rea se  w ith  in c re a se  in  a c id  s tre n g th . T h is  
was c o n tra ry  to  what had been expected, as i t  was 
th o u g h t th a t  in  a g iv e n  s e r ie s  th e  e le c tro n  w ithd raw ing  
power o f th e  -6X^ group would opera te  to  promote a sso c i­
a t io n .  I t  should be p o in te d  ou t th a t  owing in  p a r t  a t 
le a s t  to  a c id  a s s o c ia tio n  th e  a c id  s tre n g th  measured in  
w a te r is  not n e c e s s a r ily  a s a t is fa c to r y  c r i t e r io n  ag a in s t 
w hich to  compare th e  s t a b i l i t i e s  o f ac id -b ase  complexes 
in  an a p ro t ic  s o lv e n t.
P o h l, Hobbs, Gross and M arryo t 27-29 ^  s e r ie s
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o f papers s tu d ie d  th e  a s s o c ia t io n  o f  v a r io u s  c a rb o x y lic  
a c id s  in  bo th  benzene and heptane s o lu t io n .  The con­
c e n tra t io n s  used by these  au thors were low e r tha n  those 
\ 26used by Le Fevre [ f o r  example, in  th e  case o f  a c e tic  
a c id  in  benzene s o lu t io n ,  th e  m olar f r a c t io n  range was 
from  5*43 i  10 "^  to  14X8 i  1 0 " ^ ] .  fa b le  B . l .  shows 
th e  r e s u lts  ob ta in ed  f o r  a c e t ic  a c id .
fABLE B . l .  
m ^ a s s o c ia t io n  ^^d^
Benzene 1*68 0*94 370 l.m o le "^
n-Heptane -  0*92 37,000 l.m o le "^
The au tho rs  s ta te  th a t  th e  f ig u re s  f o r  heptane s o lu t io n  
are  le s s  r e l ia b le  tha n  those  ob ta ined  in  benzene s o lu ­
t io n .  The h ig h  v a lu e  o f  meant th a t  i t  was im p oss ib le  
to  o b ta in  even a m odera te ly  accu ra te  f ig u r e  fo r  th e  moment 
o f  th e  a c id  monomer in  heptane s o lu t io n .  T h is  work was 
p ro b a b ly  th e  f i r s t  r e l ia b le  d e te rm in a tio n  o f  th e  moment 
o f  th e  a c id  monomer. In  t h is  connection  i t  i s  o f in t e r ­
es t to  no te  th a t ,  from  measurements o f th e  d ie le c t r ic  
co n s ta n t o f a c e t ic  ac id  vapour a t v a r io u s  tem pera tu res , 
Zahn ob ta ined a va lu e  o f 1*73 Debye U n its  f o r  th e
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d ip o le  moment o f a c e t ic  a c id  monomer. The author 
assumed th a t  a t th e  tem peratures used a l l  th e  a c id  is  
p re sen t in  th e  monomeric fo rm . I t  is  a ls o  in te r e s t ­
in g  to  specu la te  as to  why th e  d im é r is a t io n  con s tan t 
in  heptane should be so much g re a te r tha n  in  benzene 
s o lu t io n .  One p o s s ib le  e xp la n a tio n  is  th a t  a s o lu te -  
s o lv e n t d ire c te d  in te r a c t io n  between th e  ac id  monomer 
and a benzene m olecu le  s ta b i l is e s  t h is  fo rm  in  s o lu t io n .  
Th is  idea  w i l l  be d iscussed a t g re a te r le n g th  in  th e  
s e c tio n  d e a lin g  w ith  nu c le a r magnetic resonance spe c tro ­
scopy.
P oh l and co-w orkers found evidence f o r  th e  
suggestion  th a t  th e re  is  a sys tem atic  re la t io n s h ip  be­
tween and th e  io n is a t io n  c o n s ta n t, K^, amongst ac ids  
in  th e  a l ip h a t ic  s e r ie s . T h is  is  c o n tra ry  t o  th e
Vf in d in g s  o f Le Fevre and V in e , bu t i t  should be p o in te d  
out th a t  th e  f in d in g s  o f  Le Fevre and V ine were based 
on measurements a t c o n c e n tra tio n s  much h ig h e r than  those  
o f  P oh l and co-w orke rs , so le s s  re lia n c e  should be p laced  
on t h e i r  f in d in g s .  The ta b le  below summarises th e  
f in d in g s  o f  Poh l and co -w orke rs .
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Acid
P ro p io n ic
A c e tic
Form ic
Ohio ro  a c e t ic
TABLE B .2.
benzene s o lu t io n  aqueous s o lu t io n
390 l . m . - l  1 ‘ 4 X 10"5
-1  ■. n T _ 1 /\-5370 l . i E ,  
126 l .m ." l  
102 l . m . - l
1*86 X 10
21.4  X 10"5 
155 X 10"5
The method o f  c a lc u la t io n  used by th e  au thors 
to  de term ine bo th  and th e  d ip o le  moments o f a c id  
monomer and dimer from  th e  v a r ia t io n  o f  d ie le c t r ic  con­
s ta n t w ith  c o n c e n tra tio n  is  o f  co n s id e ra b le  in te r e s t .
T h is  method was o r ig in a te d  by P o h l, Hobbs and Gross in
31an e a r l ie r  p a p e r . T h e  au tho rs  p o s tu la te d  th a t  a t 
low  a c id  co n c e n tra tio n s  an e q u ilib r iu m  would be se t up 
between dim er and monomer.
D 2M
E
E. d is s M (1 )
■vdiere G^, Cp are equa l t o  th e  number o f moles o f monomer 
and d im er re s p e c tiv e ly ©  per mole o f  s o lv e n t,  and V = 
m olar volume o f th e  s o lv e n t.  The d is s o c ia t io n  c o n s ta n t.
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^ d is s ’ Le expressed in  terms o f p o la r is a t io n s  accord­
in g  to  th e  equa tion  below:
■ ÜillilÜL ^
-  f )
where Pg "  m olar p o la r is a t io n  o f th e  s o lu te  based on th e  
m o lecu la r w e i^ t  o f th e  monomer a t a mole 
f r a c t io n  fg .
Pjj « m olar p o la r is a t io n  o f  th e  monomeric m olecules 
a t i n f i n i t e  d i lu t io n .
Pjj *  m olar p o la r is a t io n  o f th e  d im e ric  m olecu les a t 
i n f i n i t e  d i lu t io n .
fg  -  mole f r a c t io n  o f s o lu te  based on m olecu lar 
w e ight o f monomer.
(2 ) may be re -e xp re ssed :
^ d i s s n  — V ~~ (3 )
where is  d e fin e d  by th e  above equa tion . Consequently, 
we o b ta in :
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\22Z^ (Pg '  - g  r . 2 t
-  -§ )  "  " 7  )
p
i .e .  (Pji -  Pg) -  fg ( Î 2 -  4
from  w h ich  th e y  d e rive d  th e  fo l lo w in g  eq ua tion :
^2  -  - §  + Gk (2% -  -§ )
v/here Gj^  -  f r a c t io n  o f m olecu les in  monomeric s ta te .
I f  th e  va lue s  o f and P^ are  known t h e n / ^ j ^ , a n d
31^ d is s n  Le c a lc u la te d .  The au thors  ^ ob ta ined 
approxim ate va lues o f P^ and Pp by th e  method o f averages 
and used the se  approxim ate va lue s  to  c a lc u la te  
f o r  each s o lu t io n .  I t  was found th a t  was v e ry
s e n s it iv e  to  th e  cho ice  o f P^ in  th e  v e ry  d i lu te  re g io n  
wherePg —^ P^ and to  th e  cho ice  o f  P-p in  th e  more con­
c e n tra te d  s o lu t io n s .  Using th e  method o f successive 
approx im a tions  th e  va lues  o f P^ and —^  were ad jus te d  to  
g iv e  th e  most constan t v a lu e  o f  Kaigga A fte r  Table
B .2 . i t  was s ta te d  th a t  th e  au tho rs  f e l t  th a t  th e  v a lu e  
o f  K&igga ^L ta in e d  f o r  a c e tic  a c id  in  heptane s o lu t io n  
was o n ly  approxim ate because o f  th e  s e n s i t iv i t y  o f
3 8 .
to  th e  cho ice  o f and P-p. The low  va lu e  o f 
^ d is s n  th a t  th e re  is  l i t t l e  monomer p resen t
even a t th e  lo w e s t ac id  c o n c e n tra t io n s , and conse­
q u e n tly  l i t t l e  m arg in  f o r  e r ro r  in  th e  cho ice  o f Pj^.
T h is  a n a ly t ic a l tre a tm e n t o f  th e  re s u lts  has
been c r i t i c is e d  by Raais and Buckingham on th e
grounds th a t  th e  approx im a tion  m ight no t be v a l id
in  th e  l im i t in g  case o f zero  c o n c e n tra tio n  o f  a c id .
U sing th e  experim enta l r e s u lts  o f P o h l, Hobbs and 
27Gross th e y  have proposed an a l te rn a t iv e  tre a tm e n t 
which depends on th e  f i t t i n g  o f th e  d ie le c t r ic  constant* 
c o n c e n tra tio n  da ta  t o  a s t r a i ^ t  l i n e  p lo t .  They have 
assumed th a t  th e  experim en ta l da ta  -  d ie le c t r ic  con- 
s ta n ts ,  1 , r e f r a c t iv e  i n d i c e s , a n d  d e n s it ie s ,  d -  
v a ry  w ith  c o n c e n tra tio n  o f s o lu te  accord ing  to  th e  
equa tion :
g 12 -  £ i  + *2  +
A  -  Z l  + fw  *2  + *2  + • • • •  (1)
h 2  -  *1  (1  + J'w ^^ 2 + + ■ • • .« )
in  w hich s u f f ix  12 re fe rs  to  th e  s o lu t io n ,  1 to  th e  
s o lve n t and 2 to  th e  s o lu te .  Wg -  w e igh t f r a c t io n  
o f  s o lu te .  In  u t i l i s i n g  these  re la t io n s h ip s  th e y
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e f fe c t iv e ly  assume th a t  th e  c o e f f ic ie n ts ,  od ^  and ^  ^
are  ze ro . O b je c tio n s  to  t h is  method can be ra is e d .
F i r s t l y ,  th e  assum ption th a t  f o r  a n o n -p o la r substance
th e  square o f th e  r e f r a c t iv e  index is  equa l to  th e  d i -
33e le c t r ic  constan t is  in c o r re c t .  Smith has shown
th a t  f o r  a s o lv e n t o f  d ie le c t r ic  constan t approx im a te ly
2equal to  tw o , th e  maximum d if fe re n c e  between £ and n
i s  about 0*18 and th e  re s u lta n t  maximum e r ro r  in  h  1^$ 
32The au thors  make no e s tim a tio n  o f any p o s s ib le  e r ro r
in tro d u ce d  by t h e i r  app ro x im a tion . Secondly, th e  
32au tho rs  have attem pted to  f i t  exp e rim en ta l da ta  to  a 
s t r a ig h t  l i n e  p lo t  w h i ls t  an in s p e c tio n  o f the  re s u lts  
shows th a t  th e  p lo t  o f  A i /wg ag a in s t Ts not l in e a r .  
There is  undoub ted ly  some th e o r e t ic a l  ju s t i f i c a t io n  fo r  
t h e i r  procedure and i t  i s  perhaps u n fa ir  to  c r i t i c i s e  
th e  au tho rs  on t h is  cou n t. There is  no good j u s t i ­
f i c a t io n  f o r  th e  assum ption th a t  i f  th e re  is  no a s s o c i-
»
a t io n  th e  c o e f f ic ie n ts  ^  e tc . would be ze ro . I t  may 
be concluded th a t  t h is  method o f a n a ly s is  is  s u p e rio r 
t o  th a t  adopted by P o h l, Hobbs and Gross.
In  equa tion  ( l )  th e  te rm  in  Wg is  re la te d  to  
th e  apparent d ip o le  moment o f th e  monomer s o lu te  a t 
i n f i n i t e  d i lu t io n  w h ils t  th e  te rm  in  Wg is  re la te d  to
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th e  p ro p e r t ie s  o f in te ra c t in g  groups c o n ta in in g  two 
m olecu les and can he in te rp re te d  in  term s o f th e  mean 
square d ip o le  moment th e  d im er. Both
arid E j . c a n  he re la ted  to  th e  c o e f f ic ie n t s  ^ 12 0.1 ssn
in  equa tion  ( l ) .  The au tho rs  ob ta ined a va lu e  o f 
1*46 D.U. fo r  th e  moment o f th e  monomer compared w ith  
th e  f ig u r e  o f 1*68 ob ta ined  by P o h l, Hobbs and G ross. 
Assuming th a t  th e  c a rb o x y lic  ac id  dim er is  non p o la r ,  
th e  au tho rs  ob ta ined  a va lu e  o f 454*5 1 .moles'"^ f o r  
E^ compared w ith  th e  f ig u r e  o f 370*1 1 .moles'"^ ob ta ined  
by P o h l, Hobbs and G r o s s . D a v i e s  and co-w orkers 
ob ta ined  a va lue  o f  130*2 l .m . " ^  fo r  E^ a t 25^ 0 u s in g  
a d is t r ib u t io n  method. Buckingham and Baaias 
c o rre c te d  t h is  va lue  f o r  tem pera tu re  -  P o h l, Hobbs and 
G ross' measurements were done a t 30° 0 -  and s u b s t i tu t ­
in g  th is  c o rre c te d  v a lu e , ob ta ined  a va lu e  o f 1*39 B.U. 
f o r  th e  ro o t mean square d ip o le  moment, o f
a c e t ic  a c id  d im er. I t  is  in te re s t in g  t o  no te  th a t  a 
fu r th e r  a n a ly s is  o f P o h l, Hobbs and G ross' measurements 
by th e  w r i te r  u t i l i s i n g  a method developed by Bauge and 
Smith le d  to  y e t d i f f e r e n t  va lu e s  fo r  and E^.
These re s u lts  to g e th e r w ith  tho se  o f  Buckingham and B aats^^ 
and th e  o r ig in a l c a lc u la t io n  o f P o h l, Hobbs and Gross 27
41.
are summarised in  th e  ta b le  below ;
TABLE B.3 .
Method o f  A n a lys is  ( l .m . " ^ )
PjQhl, Hobbs and
Gross 1*68 0*94 370*1
,3 2
Buckingham and Eaats 1*46 0*00/1*39 454*5/116*0 ^
3SBauge and Smith 
(Je n k in s ) 1*65 0*97 323*3
^  C orrec ted  f ig u r e  o f M. D avies, Moe^n-Hughes and co - 
w o rke rs .^^
There is  some d iscrepancy between th e  va lues  o f 
determ ined u s in g  d is t r ib u t io n  methods and va lues  ob­
ta in e d  from  d ie le c t r ic  co n s ta n t measurements. Tab le B .4 . 
i l lu s t r a t e s  t h is  phenomenon.
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TABLE B .4.
Anth o r s T emp er a tu r  e
c)
^assn.
( l . m o le - l l
Method
P o h l, Hobbs and Gross^"^ 30 370*1 DC
M, D avies, Moelwyn-»- 25 130*2 D
H u ^e s  and co-w orkeM 35 81 D
Brown and Matheson 25 500 D
M. Davies and G r i f f i t h s ^ ^ 25 129*4-138*3 D
C h r is t ia n ,  A f f  sprung 15 605 D
and T a y lo r 35 125 D
A b b re v ia tio n s : DC « D ie le c t r ic  co n s ta n t measurements
B * D is t r ib u t io n  Method.
Both Davies and G r i f f i t h s  and C h r is t ia n ,
38A ffsp ru n g  and T a y lo r have made allow ances f o r  th e  
s o lu b i l i t y  o f  w ater in  benzene^assoc ia tion  in  th e  aqueous 
phase and th e  presence o f  h ig h e r po lym e ric  spec ies. The 
d is t r ib u t io n  method is  n o rm a lly  c r i t i c i s e d  on th e  grounds 
th a t  no a llow ance is  made fo r  those  e f fe c ts .  The r e la ­
t i v e  m e r its  and d e -m e rits  o f  these d e te rm in a tio n s  o f 
can best be d iscussed a lo n g /th e  re s u lts  o f t h is  in v e s t i -  
g a t io n  a t a la t e r  s tage .
There is  u n fo r tu n a te ly  no recorded determ ination
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o f  o f a c e tic  a c id  in  benzene u s in g  I n f r a  Bed Spectro­
scopy ( I . B . ) .  Hobbs and H a r r is  ob ta ined  a va lu e  o f 
4000 l.m o le "^  a t 25° C f o r  in  carbon te t r a c h lo r id e  
u s in g  I .B .  Spectroscopy, w h ils t  Barrow and Yerger 
ob ta ined  1000-2650 l.m o le "^  over an u n s p e c if ie d  tem pera­
tu r e  range . One would expect E^ in  carbon t e t r a ­
c h lo r id e  to  be h i ^ e r  th a n  E^ in  benzene as th e  d i ­
e le c t r ic  constan t o f th e  fo rm er is  lo w e r, and a lso  
because a s s o c ia tio n  o f  th e  a c id  w ith  th e  so lve n t w i l l  
n o t occur to  th e  ex te n t t o  which i t  does in  benzene.
As a r e s u lt  o f s tu d ie s  o f  th e  d ie le c t r ic  lo s s  
in  benzene s o lu t io n s  o f  a c e tic  a c id . Constant and le b ru n ^^  
in fe r re d  th a t  a t low  ac id  co n c e n tra tio n s  a monomer-dimer 
e q u ilib r iu m  was se t up , w h ils t  a t h ig h e r co n ce n tra tio n s  
co n s id e ra b le  amounts o f h ig h e r po lym e ric  species were 
p re s e n t. They fu r th e r  cons ide red  th a t  th e re  were 
bo th  c y c l ic  and open cha in  polym ers p re s e n t.
I t  i s  th e re fo re  w e ll  e s ta b lis h e d  th a t  a t v e ry  
low  ac id  co n c e n tra tio n s  a monomer-dimer e q u ilib r iu m  is  
se t up . What are  n o t so w e ll e s ta b lis h e d  are th e  
va lues  o f th e  d ip o le  moment o f  t h is  monomer and dim er 
and th e  d im é r is a t io n  c o n s ta n t. T h is  in v e s t ig a t io n
44.
a ttem p ts  to  th row  fu r th e r  l i g h t  on these m a tte rs  u s in g  
bo th  d ie le c t r ic  con s tan t measurements and n u c le a r 
m agnetic resonance spectroscopy.
(b ) Acid-Base Complexes
D ie le c t r ic  cons tan t measurements p resen t no t 
o n ly  a p o te n t ia l  means o f  d e te c t in g  th e  fo rm a tio n  o f 
in te rm o le c u la r  complexes in  s o lu t io n  but a ls o  a way o f 
d e te rm in in g  bo th  th e  d ip o le  moment o f th e  complex formed 
and th e  a s s o c ia tio n  cons tan t o f complex fo rm ation#
The f i r s t  re p o rte d  use o f d ie le c t r ic  cons tan t measure­
ments t o  th is  end was by Earp and G la s s to n e .^ ^ '^ ^
From th e  measurements o f d ie le c t r ic  cons tan ts  and den­
s i t ie s  o f b in a ry  systems th e  au tho rs  c a lc u la te d  th e  
t o t a l  p o la r is a t io n  o f each m ix tu re . Then assuming 
th a t  th e  p o la r is a t io n  o f one component was equal t o  
th a t  in  th e  pu re  l iq u id  s ta te  and remained constan t 
th ro u g h o u t, th e  p o la r is a t io n  o f the  o the r component 
was eva lua ted fo r  each s o lu t io n .  A p lo t  o f th e  
m olar p o la r is a t io n  versus m olar f r a c t io n  o f  one com­
ponent was compared w ith  th e  p lo t  o f th e  m olar p o la r ­
is a t io n  versus m olar f r a c t io n  o f th e  same substance 
in  an in e r t  s o lv e n t,  e .g . cyclohexane. I t  was found
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th a t  no t o n ly  was th e  p o la r is a t io n  g re a te r in  th e  a c t iv e  
so lve n t hu t a lso  th e re  was a more ra p id  inc rea se  a t h ig h  
d i lu t io n .  One such p lo t  i s  reproduced helow.
i ' ig u re  B . l .
Apparent p o la r ­
is a t io n  o f  e the r
I o
A reasonab le  e xp la n a tio n  f o r  t h i s  marked in ­
crease in  p o la r is a t io n  was th a t  compound fo rm a tio n  
in v o lv e d  th e  in tro d u c t io n  o f a new c o -o rd in a te  l i n k  
jo in in g  th e  two m olecu les. The au thors 42,43 
supposed th a t  i t  was a consequence o f th e  la w  o f Mass 
A c tio n  t h a t ,  i f  a compound was form ed between two sub­
stances th e n , i f  one o f  these  substances is  in  g re a t 
excess, th e n  th e  o the r e x is ts  e n t i r e lv  in  th e  fo rm  o f 
compound. Using t h is  con cep tion  th e y  d e rive d  va lues
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o f  th e  e q u ilib r iu m  co n s ta n t o f compound fo rm a tio n  and 
th e  d ip o le  moment o f  th e  compound form ed.
Hammick, N o rr is  and S u tton  c r i t i c i s e d  t h is  
method on s e v e ra l grounds. IP ir s t ly ,  th e y  argued th a t  
un le ss  th e  e q u ilib r iu m  con s tan t f o r  complex fo rm a tio n ,
K, was i n f i n i t e  the n  no t a l l  A is  in  th e  form  o f complex 
AB even vÉien i t  is  p resen t a t v e ry  low  c o n c e n tra tio n .
f  f
where f  « mole f r a c t io n  o f  spec ies .
Secondly, th e y  p o in te d  out th a t  in  th e  c a lc u la t io n  o f  th e
t o t a l  p o la r is a t io n  o f a s o lu t io n ,  P, Earp and G la ss to n e ^^ '^^
to o k  th e  mean m o lecu la r w e i^ t  as M ^f^  + Mgfg whereas
M f  + M fi t s  t r u e  v a lu e  i s  A A B B , ^ e r e  x  is  th e  p o r t io n
(1  -  x ;
o f  each o f  th e  m olar f ra c t io n s  w h ich  has been used in  
complex fo rm a tio n . l a s t l y  , th e y  h e ld  th a t  i t  was 
extrem e ly  d o u b tfu l whether th e  la w  o f Mass A c tio n  cou ld  
be a p p lie d  to  b in a ry  m ix tu re s  over th e  whole range o f 
com pos itions . They suggested and examined m o d if ic a ­
t io n s  o f th e  method and found th a t  th e  o n ly  d ie le c t r ic  
cons tan t method which produced s a t is fa c to ry  r e s u lts  inG 
vo lve d  measurements on d i lu te  s o lu t io n s  o f th e  two
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components in  a t h i r d  u n re a c tiv e  s o lv e n t.  They con­
cluded th a t  in  p ra c t ic e  i t  was ve ry  d i f f i c u l t  t o  d e r iv e  
an exact measure o f bo th  th e  p o la r is a t io n  and th e  degree 
o f  a s s o c ia tio n  from  these  measurements a lon e , and th a t  
i t  would be best t o  use them in  c o n ju n c tio n  w ith  an in ­
dependent means o f  d e te rm in in g  th e  degree o f a s s o c ia tio n .
Pew and Smith however f e l t  th a t  one o f th e  
methods d iscussed by Hammick, N o rr is  and S u tton  was 
w orthy  o f fu r th e r  c o n s id e ra tio n . T h is  method in v o lv e d  
th e  d e te rm in a tio n  o f  th e  apparent m o lecu la r p o la r is a t io n  
a t i n f i n i t e  d i lu t io n  o f a compound A in  an a c t iv e  so lve n t 
B, in  an in e r t  s o lv e n t,  S, and in  m ix tu re s  o f B and S. 
T h is  method had been r e je c te d  by S u tton  and co-w orkers ^  
on th e  grounds th a t w ith  th e  system d i is o p ro p y l e th e r-  
ch loro form -benzene d i f f e r e n t  r e s u lts  were ob ta ined  de­
pending on whether th e  e the r o r th e  c h lo ro fo rm  was con­
s id e re d  as th e  so lve n t a t low  c o n c e n tra tio n s . Pew and 
45Smith measured th e  apparent m olar p o la r is a t io n  o f 
one component. A, in  a s e r ie s  o f cons tan t m ix tu re s  o f 
th e  o th e r component, B, and an in e r t  s o lv e n t, S. They 
assumed th a t  th e  a c t iv e  masses o f th e  two s o lu te s  can 
be rep rese n ted  by t h e i r  c o n c e n tra tio n s , and showed th a t
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th e  d if fe re n c e  between th e  l im i t in g  v a lu e  o f th e  m olar 
p o la r is a t io n  o f  A a t i n f i n i t e  d i lu t io n  in  a m ix tu re  o f 
B and S, end i t s  v a lu e  in  pure s o lv e n t,
(Pj^po)g> i s  g ive n  by th e  eq ua tion  below:
— A ! ------------------------------------------------------------------- (1 )
(^A oo) bs "  ) s ^
W iere E « a s s o c ia tio n  co n s ta n t f o r  complex fo rm a tio n  
Wg -  w e ig h t f r a c t io n  o f B in  so lve n t m ix tu re  BS
"  ^A  ^B
Prom ( l )  i t  fo llo w s  th a t  a p lo t  o f
versus ----------- should be l in e a r
1 1W ith  s lope ----- -— and in te rc e p t  — = . Hence i t  i s
K 4 p  A p
p o s s ib le  to  de term ine bo th  E and th e  d ip o le  moment, 
y^AB* th s  complex. T h is  method is  p a r t ic u la r ly  
s u ita b le  f o r  de te rm in in g  th e  a s s o c ia tio n  cons tan ts  
and d ip o le  moments o f complexes formed between weak 
a c id s  and bases, e .g . th e  work o f C leverdon, C o ll in s  
and Smith on th e  t ^ a r y  systems com pris ing  benzene, 
p y r id in e  and an a lc o h o l.  I t  is  however im p oss ib le
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t o  app ly  t h is  method to  te m ^ y  system c o n ta in in g  a 
c a rb o x y lic  a c id  due to  th e  h ig h  degree of s e l f  asso­
c ia t io n  o f th e  l a t t e r .  I f  however th e  a s s o c ia tio n  
constan t fo r  complex fo rm a tio n  between th e  c a rb o x y lic  
a c id  and o rgan ic  base was co n s id e ra b ly  g re a te r  than 
th e  d im é r is a t io n  constan t o f th a t  a c id , and i f  th e  
base was p re sen t in  g re a t excess. T h is  method should 
be a p p lic a b le . U n fo r tu n a te ly  in  each o f  th e  systems 
s tu d ie d  by th e  w r i te r  i t  appeared th a t  th e  complex 
fo rm a tio n  cons tan ts  were low e r th a n  th e  d im é r is a t io n  
cons tan t o f  a c e t ic  a c id .
Most subsequent a ttem pts t o  determ ine s im u l­
ta n e o u s ly  bo th  d ip o le  moment and a s s o c ia tio n  cons tan t 
from  d ie le c t r ic  cons tan t measurements have been based 
on Pew and S m ith 's  method. These d e te rm in a tio n s  
have re c e n t ly  been c r i t i c i s e d  by Jumper and Howard 
on th e  grounds th a t  changes in  th e  d ip o le  moment o f  
th e  complexing m olecule on complex fo rm a tio n  rende r 
im p oss ib le  accu ra te  c a lc u la t io n s  o f th e  geometry o f 
th e  complex. The au tho rs  fu r th e r  m a in ta in  th a t  
i t  is  im p oss ib le  t o  es tim a te  th e se  changes. T h is  
seems a ra th e r  r e s t r i c t i v e  a t t i tu d e  be a ring  in  mind
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th a t  th e  prim e o b je c t is  to  determ ine K and ra th e r  
th a n  to  p ro v id e  th e o r e t ic a l  j u s t i f i c a t io n  fo r  th e  re ^  
s u its  so ob ta ined .
An in te re s t in g  a l te r n a t iv e  method fo r  th e  simul* 
taneous d e te rm in a tio n  o f  K and ^  is  based on a method 
o f d e te rm in in g  e q u ilib r iu m  con s tan ts  due t o  Rose and
A Q
Dr ago. They d e rive d  a g e n e ra l equa tion  f o r  eva lu ­
a t in g  ac id -base  e q u i l ib r ia  from  spec troscop ic  d a ta .
I t  has been adapted f o r  use in  d e te rm in in g  e q u ilib r iu m  
con s tan ts  from  d ie le c t r ic  measurements by S a n d a ll.^ ^
l 'o r  th e  system,
[AB]
" ' M M  _  «
l e t  th e  i n i t i a l  c o n c e n tra tio n s  o f A and B be and
-1moles 1 . The w e ight f r a c t io n s  o f A, B and so lve n t
a re  and Wg re s p e c t iv e ly ,  where
+ *8  "  1 (2 )
Suppose th a t  a f r a c t io n  A  o f A be converted  in to  
AB, then  th e  e q u ilib r iu m  co n ce n tra tio n s  o f A, B, AB and 
S expressed in  w e igh t f r a c t io n  term s a re  (W^ A ,
-  A  Wg), (A  + A Wg), Wg re s p e c t iv e ly .  The
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measured d if fe re n c e  in  d ie le c t r ic  cons tan t between any 
s o lu t io n  and so lv e n t is  g iv e n  by :
Ac = (w^ + (Wg -  A + (A  +A Wg) ^  (3)
whereof ^  and ^  ^  are  equal to  th e  s lopes o f th e  d i ­
e le c t r ic  co n s ta n t increm ent versus w e ig h t f r a c t io n  fo r  
s o lu t io n s  o f A and B in  S. These may be determ ined 
by a separa te  experim en t, and f o r  many substances in  
say, benzene, a re  w e ll known, ^  is  th e o r e t ic a l ly  
equa l to  th e  e q u iv a le n t s lope f o r  pure  com plex. T h is , 
o f cou rse , is  unknown, and when determ ined w i l l  le a d  
d i r e c t ly  t o  th e  d ip o le  moment o f th e  ccsnplex. A quan­
t i t y  © l^ a l to  th e  th e o r e t ic a l  change in  d ie le c t r ic
con s tan t assuming no complex fo rm a tio n , is  a ls o  ca lcu ­
la te d  f o r  each s o lu t io n .  T h is  is  g ive n  by »
^A*^ A ^B d if fe re n c e  between and A£ ^
i s  re fe r re d  to  as f ( £ )  and is  g iven  by the  equa tion  below :
f ( i )  "  A i  + A ^  -AWg g
f ( £ )  * x v [(M ^  +
or f ( 2 )  -  X V E (4 )
where B .  [  (M^ + ^  x  -  concen­
t r a t io n  o f complex in  moles 1*~1 and v  -  s p e c if ic  
volume o f  s o lu t io n .
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^assn ■ (0^  _ i) (C g  -  i )
S u b s t itu t in g  f o r  z , C. and Cg in  (5 ) we o b ta in ,
V f(£ ) A
-     — ( 6)assn WA f ( 0  Wg £ ( 0
E M g "  E
The o n ly  unknown in  (6 ) i s  th e re fo re  où ^  con ta ined in  
E . I f  t h is  can be es tim a ted , may be c a lc u la te d
f o r  each s o lu t io n .  The norm al procedure in vo lve d  
making se ve ra l guesses a t ^  and c a lc u la t in g  
f o r  each s o lu t io n .  A p lo t  o f f o r  any p a r t ic u la r
s o lu t io n  a g a in s t g  w i l l  be l in e a r  p ro v id ed  c e r ta in  con­
d i t io n s  are  s a t is f ie d .  The denom inator in  (6 ) must 
be constan t and fo r  t h is  to  be so th e n  Wg ^  Wg W^, 
The p lo ts  o f  E ve rsus ^  should th e n  a l l  in te rs e c t  a t one 
p o in t .  The va lues  o f E and E correspond ing  to  t h is  
p o in t  w i l l  be th e  c o r re c t ones fo r  th a t  p a r t ic u la r  system. 
Ibrom E one o b ta in s  ^  and hence^  ,  th e  d ip o le  moment 
o f th e  complex.
U n fo r tu n a te ly  t h is  method is  aga in  u n s u ita b le  
f o r  t e r Ç ^ y  systems c o n ta in in g  a c a rb o x y lic  a c id  id iic h  
is  s tro n g ly  s e l f  asso c ia te d  even in  d i lu te  s o lu t io n .
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(3 ) jEbct)erimenta l D e ta ils
(a ) Apparatus
In  order t o  determ ine the  d ip o le  moment o f a
compound in  s o lu t io n  one needs to  measure th e  d ie le c t r ic
i
cons tan t £ , r e f r a c t iv e  mndez n , s p e c if ic  volume v  and 
w e igh t f r a c t io n  o f  s o lu te  Wg o f  seve ra l s o lu t io n s  o f 
th a t  compound in  a p a r t ic u la r  s o lv e n t.
In  p r in c ip le ,  th e  d ie le c t r ic  c o n s ta n t, or 
s p e c if ic  p e r m i t t i v i t y ,  o f a substance is  d e fin e d  by 
£ -  ^ s /c  T«^ere and are  re s p e c t iv e ly  th e  capa­
c i t i e s  o f  a condenser -vdien th e  space between i t s  p la te s  
co n ta in s  th e  medium under c o n s id e ra tio n , and when t h is  
space is  evacuated. To measure th e se  o p a c i t ie s  th e
m o d ifie d  he terodyne hea t apparatus o f Dew, Smith and 
*50W itte n  was used. B a s ic a l ly  t h is  apparatus con* 
s is ts  o f two o s c i l la to r s  % and Y o f which % is  v a r ia b le  
and in c lu d e s  th e  d ie le c t r ic  c e l l  and p re c is io n  conden­
s e rs , and Y is  a constan t frequency c r y s ta l  o s c i l la t o r  
w ork ing  a t 1 Me. The s ig n a ls  from  th e  two o s c i l la to r s  
o f frequency f a n d  f y  a re  fe d  to  th e  h o r iz o n ta l and 
v e r t ic a l  p la te s  o f  an o s c illo s o c p e . T h is  o s c illo s c o p e  
is  a T e l equipment S52 in s tru m en t w ith  a 5" f l a t  faced
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s in g le  beam 8 a t h ode Ray Tube w ith, h o r iz o n ta l and v e r t ic a l  
d e f le c t io n  a m p li f ie rs .  These enable one to  observe 
s e p a ra te ly  th e  twô in p u t s ig n a ls . The d if fe re n c e  in  
frequency ( f y  -  f y )  i s  shown on th e  screen . In  th e  
o r ig in a l  apparatus and s t i l l  in co rp o ra te d  at p re s e n t, 
th e  two s ig n a ls  were fe d  in to  a m ixe r c i r c u i t ,  whose 
ou tpu t o f frequency | f y  -  f y j  , th e  beat no te  was fe d  
t o  an a m p lif ie d  d e te c to r  c i r c u i t .  T h is  beat no te  is  
u l t im a te ly  de tec ted  a u d ib ly  th rough  an earphone fo r  
approxim ate s e t t in g  o f  th e  condensers and v is ib ly  
t h r o u ^  th e  o s c i l la to r y  m otions o f th e  needle o f a 
microsunmeter. I t  had proved p o s s ib le  to  o b ta in  a 
s e t t in g  g iv in g  a frequency d if fe re n c e  o f  1 c /^  or le s s  
u s in g  t h is  method. By u s in g  th e  o s c illo s c o p e  i t  has 
been p o s s ib le  to  a d ju s t th e  condensers so as to  match 
th e  two o s c i l la to r s  e x a c t ly .  The main reason fo r  
s w itc h in g  from  use o f th e  m icro ammeter t o  th e  o s c i l lo ­
scope was not so much improvement in  accuracy o f 
measurement, bu t ra th e r  improvement in  experim en ta l
te ch n iq u e . Another, improvement to  the  o r ig in a l
51apparatus has been describ ed  p re v io u s ly .  T h is
comprised th e  in s e r t io n  o f  a H.W. S u lliv a n  C689 m ic ro ­
meter condenser, Cy. The tuned c i r c u i t  is  shown in  
D igu re  B .2 .
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I t  c o n s is ts  o f th e  c o i l  I ,  th e  packing  conden­
sers + Cg + C j,  th e  d ie le c t r ic  c e l l  and th e
p re c is io n  condenser and C^* The sw itch  b r in g s  
a l te r n a t iv e ly  th e  p re c is io n  condensers or th e  c e l l  in to  
th e  re s t  o f  th e  c i r c u i t .  The m ajor p re c is io n  condenser 
Cp i s  a H.W. S u lliv a n  C700 l in e a r  a i r  c a p a c ito r  o f about 
300 pP c a p a c ity . I t s  sca le  is  d iv id e d  in to  seven 
hundred u n its  and can be rea d  to  0*02 u n its .  The 
m icrom eter condenser, 0 ^ , mentioned e a r l ie r  has a sca le  
o f le n g th  2*5 cm. and can be read to  0*0002 cm. I t s  
nom inal c a p a c ity  is  8*5 p5* w ith  th e  minimum a t 2*5 cm. 
where th e  re s id u a l c a p a c ity  i s  5*7 pi*. The condenser 
obeys th e  l in e a r  law  o f  c a p a c ity  charge over th e  whole
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o f th e  range w ith  a maxinnim d e v ia t io n  o f 0*003 cm. or
0*001 pF. As th e  l i n e a r i t y  o f  0^ is  so good, 0^  is
c a lib ra te d  in  terms o f 1 cm. u n its  o f  C^. T h is  was
done as fo llo w s .  S ta r t in g  w ith  0^ .  0 and = 0 ,
Cg and C^were a d ju s te d  so th a t  f  *  |f%  -  f ^ l  « 0 , i . e .
’ zero b e a t * .  0^ was th e n  set t o  2*5 cm. and ad ju s te d
to  o b ta in  zero b e a t. C was the n  read o f f .  C wasp m
re s e t t o  zero and and a d ju s te d  t o  o b ta in  zero b e a t. 
Cm was th e n  se t to  2*5 cm. and re -a d ju s te d  and read 
o f f .  T h is  procedure was repea ted  over th e  g re a te r  p a r t  
o f  th e  sca le  o f th e  measuring condenser, w h ich was th e re ­
by d iv id e d  in to  a s e r ie s  o f  step numbers, SH, each equal 
to  a 2*5 cm. u n it  o f C^. The whole procedure was r e ­
peated two fu r th e r  tim e s  and th e  mean o f these  th re e  
c a l ib ra t io n s  used. The advantage o f t h is  is  th a t  a 
re a d in g  o f th e  m icrom eter condenser is  r e a d i ly  converted 
t o  a re a d in g  in  SH, and hence to  a d ie le c t r ic  constan t 
chajtge. The o th e r improvement to  th e  apparatus was 
th e  replacem ent o f th e  o r ig in a l  source o f  H .T . ,  a C la rk e ’ s 
A t la s  e lim in a to r  connected t o  th e  mains by a se t o f  T a r ta  
Deac h e rm e t ic a lly  sealed Eickel-Cadmium accum ula tors.
The main advantages o f sea led accum ulators a re  th a t th e y  
do not re q u ire  maintenance as th e  e le c t r o ly te  need no t 
be renewed o r re p le n is h e d . F u rth e r t o  a l l  t h is  se ve ra l
57.
sm a ll ra d io  components have been re p la ce d . D u ring  a 
measurement w ith  th e  c e l l ,  C^, sw itched in ,  is  ad­
ju s te d  to  zero b e a t. and are  th e n  sw itched in
and ad ju s te d  to  th e  same zero b e a t. The fre q u e n c ie s  
across th e  tuned c i r c u i t s  a re  th e n  bo th  equal t o  1 Me.
By a l te r n a te ly  depressing and re le a s in g  th e  push b u tto n  
s w itc h , th e  beat no tes in  each c i r c u i t  can be compared 
v e ry  e x a ^ c tly .  The c a p a c ity  o f  th e  d ie le c t r ic  c e l l ,  
to g e th e r w ith  i t s  leads  i s  then  equal t o  th e  c a p a c ity  
o f  th e  standard condenser w ith  i t s  le a d s . T h is  means, 
o f cou rse , th a t  a b so lu te  measurements o f £ are im p o ss ib le , 
un le ss  th e  c a p a c ity  o f  th e  leads is  a c c u ra te ly  known.
T h is  is  no t se rio u s  as th e  read ings  ob ta ined  w ith  s o lu ­
t io n s  in  th e  c e l l  can be compared w ith  th e  s e t t in g  fo r  
a re fe re n c e  l i q u id ,  n o rm a lly  th e  so lve n t used.
The a c tu a l s e r ie s  o f  measurements on th e  te rm a ry
s o lu t io n  were done as fo llo w s .  F i r s t  w ith  C se t a tm
2*5 cm. th e  rea d ing  fo r  ba lance o f  th e  c e l l  was taken  
w h ils t  i t  was f u l l  o f  d ry  n itro g e n , I t  was th e n
f i l l e d  w ith  benzene and th e  ba lance rea d ing  d e te r­
mined by a d ju s tin g  w h ils t  was kept a t 2*5 cm.
These two read ings o f wereconverted in to  step numbers, 
and 8 ]^ ^  re s p e c t iv e ly .  In  t h is  method a l in e a r
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dependence between d ie le c t r ic  con s tan t and c a p a c ity  o f th e  
c e l l  has been assumed. S t r i c t l y  t h is  is  no t so, because 
o f  th e  edge e f fe c ts .  I t  has been found th a t  i f  th e  
d ie le c t r ic  constan t o f  n itro g e n  is  taken  as equal to  
u n i t y ,  then  th e  edge e f fe c ts  may be igno red  p ro v id e d  
th a t  th e  unknown d ie le c t r ic  constan t l i e s  between 2 and 
3 *5 . T h is  was th e  case in  a l l  my measurements. The 
d if fe re n c e  in  step number A  SKT corresponds to  th e  
num erica l d if fe re n c e  in  d ie le c t r ic  constan t between 
benzene and n itro g e n , and th e re fo re ,  a l l  s tep numbers 
cou ld  be converted  in to  changes in  d ie le c t r ic  c o n s ta n t.
The c e l l  was th e n  f i l l e d  w ith  a s o lu t io n  o f  an o rg an ic  
base in  benzene, t h is  s o lu t io n  be ing  c a lle d  mixed s o l­
ve n t o r MS. was kep t constan t and ad jus ted  to
zero beat and read o f f .  T h is  re a d in g  was a lso  con­
v e rte d  in to  a step number, SN and hence th e  d i -ms*
e le c t r ic  cons tan t o f th e  mixed so lve n t deduced. The 
m ixed so lve n t was th e n  rep la ced  by th e  most d i lu te  
s o lu t io n  o f  a c id  in  mixed s o lv e n t, was kept con s tan t 
and ad ju s te d  to  y ie ld  zero b e a t. The bhange in
^m r e a d i ly  converted  in to  a d ie le c t r ic  constan t
change. T h is  was fo llo w e d  by a s tro n g e r s o lu t io n  
o f  a c id  and so on. Thus th e  t o t a l  inc rease  in  d i -
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e le c t r ic  constan t on m ix ing  v a r io u s  q u a n t it ie s  o f 
o rg an ic  a c id  in  a s o lu t io n  o f o rgan ic  base in  benzene 
can be r e a d i ly  o b ta in e d . is  d iv id e d  in to  0*0010
u n its  and th e  fo u r th  p la ce  can be e a s ily  read o f f  to  
- 2 .  T h is  th e n  g ive s  an e r ro r  o f about 0*00001 in  
th e  d ie le c t r ic  c o n s ta n t. As th e  apparatus can be 
ad ju s te d  to  w i th in  1 ®/s and th e  o s c i l la t o r  frequency 
is  1 M c/s , t h is  g iv e s  a s e n s i t iv i t y  o f 1 p a r t  in  10^.
T h is  is  e q u iva le n t to  a c a p a c ity  change ( c e l l  -  100 pF)
o f about 0*0001 pF correspond ing  to  a change o f about 
0*00001 in  th e  d ie le c t r ic  c o n s ta n t. The condenser 
arrangement th e re fo re  u t i l i s e s  th e  f u l l  s e n s i t iv i t y  o f 
th e  appara tus.
The d ie le c t r ic  c e l l  is  o f th e  Sayce-Briscoe
ty p e  o f a l l  g la ss  c o n s tru c t io n . The c e l l  i s  h e ld  in
p la ce  in  th e  th e rm o s ta t w ith  a c lo se  f i t t i n g  m eta l frame 
w ith o u t e x e r t in g  any s t r a in  th a t  m ight lead  to  d is to r t io n  
o f  th e  c e l l  and hence to  v a r ia t io n  in  c a p a c ity . The 
le ads  to  th e  h e terodyne-beat apparatus comprise two 
s t i f f  copper w ires  w ith  t h e i r  ends immersed in  mercury 
cups.
The s p e c if ic  volumes were measured w ith  a
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W arden's s p e c if ic  g ra v ity  b o t t le  o f nom inal c a p a c ity  
25 m l. D u rin g  a measurement i t  was kept in  th e  
th e rm o s ta t f o r  about h a lf-a n -h o u r  to  ensure the rm a l 
e q u ilib r iu m .
A H i lg e r  Abbe re fra c to m e te r capable o f read ing  
to  -  0*0001 u n its  was used fo r  th e  measurement o f re ­
f r a c t iv e  in d ic e s .  Temperature c o n tro l was p rov ided  
by c i r c u la t in g  th e  th e rm o s ta t^  l iq u id  th rough  i t .  T h is  
was drawn th rough  th e  b locks  by a ro ta ry  pump as pushing 
i t  th rough  th e c e H  tended to  cause a s l ig h t  r is e  o f 
tem p era tu re . The r e f r a c t iv e  in d ic e s  when re q u ire d  
were measured a f te r  th e  d ie le c t r ic  constan t measurements 
because o f d is tu rb a n ce  from  th e  pumping m oto r. A sm all 
amount o f l iq u id  was in s e r te d  by p ip e t te  in to  th e  c e l l  o f 
th e  re fra c to m e te r and th e  r e f r a c t iv e  index read o f f  when 
a co n s ta n t va lu e  was ob ta in ed .
A l l  s o lu t io n s  were made up by w e i ^ t .  To 
m in im ise  any e rro rs  caused by a b so rp tio n  o f  m o is tu re , 
a l l  s o lu t io n s  were made up in  a D ry Box th rough  which 
d ry  n itro g e n  was c ir c u la te d .
A l l  measurements were c a r r ie d  out a t 25^ C -  
0*01 in  a w a te r th e rm o s ta t. The tem perature  was re g u -
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la te d  w ith  a to lu e n e -m e rcu ry  re g u la to r  and c o n tro lle d  
by a th y ra to n  c o n tro l c i r c u i t .
(b ) M a te r ia ls
Anhydrous a c e tic  a c id  was presen ted to  me by 
D r. J .S . Lomas o f t h is  la b o ra to ry  who prepared i t  by 
f r a c t io n a l  d i s t i l l a t i o n .  P y r id in e ,  / ^ - p ic o l in e ,
2 ,6  L u t id ene were d i s t i l l e d ,  d r ie d  and s to re d  over 
potassium  h yd ro x id e  p e l le ts .  S u ita b le  amounts were
d i s t i l l e d  o f f  when re q u ire d . Q u in o lin e  (GPR grade)
was used w ith  out fu r th e r  p u r i f ic a t io n .  The benzene 
used was o f An a la r  grade and was p u r i f ie d  by r e - c r y s ta l ­
l i s a t io n  and d ry in g  w ith  sodium w ire .  S u ita b le  amounts 
were d i s t i l l e d  o f f  as re q u ire d . The p roduct ob ta ined  
was o f a h ig h  degree o f p u r i t y  and th e  r e f r a c t iv e  in ­
d ice s  o f d i f f e r e n t  batches showed l i t t l e  v a r ia t io n  
( n |^  -  1*4972 -  O'OOOl).
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TABLE B.5.
Substance O r ig in  and m .p .(^C ) 
Q u a litv
b .p .(^O ) P u r i f ic a t io n
A c e tic  a c id M.B. R.G. 16*5 F ra c t io n a l
d i s t i l l a t i o n
P y r id in e M.B. R.G. 115*5 D is t i l l a t i o n
2 ,6  L u t id ene B.D.H. L .R . 145*6-
145*8
D is t i l l a t i o n
i^ - P ic o l in e B.D .H . L .R . 143*1 D is t i l l a t i o n
Q u in o lin e H.W.G.P.R. — -
Benzene B.D.H. A.R. 80*1 Recry s t . /
Abibr e v l a t i  ons : M .B. May and Baker ; B .D.H. B r i t is h  Drug
Houses; H.W. Hop k in  and W illia m s ; A.R. in a ly t i c a l  Grade; 
E.G. Research Grade; L .R . L a b o ra to ry  Reagent; G.P.R. 
General Purpose Reagent.
(c )  Sources o f E rro r
Hon sys tem atic  e r ro rs  due to  e va po ra tio n , absorp­
t io n  o f  m o is tu re  e tc . cannot be es tim a ted . They were 
m in im ised by c a re fu l h a n d lin g  o f the  s o lu t io n s  and also 
by fo llo w in g  th e  s t r i c t  ro u t in e  f o r  measurements mentioned 
e a r l ie r .  .
I t  is  d i f f i c u l t  to  make a se n s ib le  es tim a te  o f
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th e  sys tem a tic  e rro rs  due t o  u n c e r ta in t ie s  in  th e  read ings 
o f  th e  condensers, re fra c to m e te r and ba lance. T h is  i s  
p a r t ly  due to  th e  com p lica ted  re la t io n s h ip  between th e  
measured q u a n t it ie s  £ , n e tc . and the  d ip o le  moment 
and fo rm a tio n  co n s ta n t o f th e  complex. As w e ll as 
t h is ,  the  e r ro r  v a r ie s  v e ry  much w ith  the  in d iv id u a l 
measurement. For example, th ro ug hou t t h is  in v e s t ig a ­
t io n  th e re  is  a g re a te r  e r ro r  in  d e te rm in in g  , th e  
ra te  o f v a r ia t io n  o f  d ie le c t r ic  con s tan t w ith  w e i^ t  
f r a c t io n ,  f o r  th e  o rg a n ic ^  base in  benzene th a n  fo r  th e  
a c id  in  th e  mixed s o lv e n t.  The reason f o r  t h is  was 
th a t  measurement o f th e  fo rm er in v o lv e d  adjustm ent o f  
Cp to  ba lance th e  two o s c i l la to r s  and th e  l a t t e r  in ­
vo lve d  adjustm ent o f  C . How C can be read to  an21 P
accuracy o f  -  0*02 sca le  c fiv is io n  which corresponds t o
■ +
an u n c e r ta in ty  o f  about -  0*0001 ra th e r  tha n  an u n ce r- 
+ ■ ' ' ' '  ^ ' : t a in t y  o f  -  0*00001 in  th e  o the r case. I t  was neces­
sa ry  t o  do t h is  as th e  c o n ce n tra tio n s  o f  basewere too  
h ig h  to  p e rm it measurement u s ing  a lone .
F vera rd , H i l l  and S u tton  havè^ow n th a t  in  
d e te rm in a tio n  o f  a d ip o le  moment, , in  s o lu t io n  an 
exact knowledge o f th e  ab so lu te  va lues o f th e  d ie le c t r ic
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constan t I  s p e c if ic  volume 7^ , and r e f r a c t iv e  index 
n , o f pure s o lv e n t is  o f secondary im portance. I t  
is  th e re fo re  le g it im a te  to  ig n o re  sm all v a r ia t io n s  in  
th e se  q u a n tit ie W n d  to  ass ign  them standard va lu e s .
The m ajor fa c to rs  c o n t r o l l in g  th e  accuracy are th e  
ra te s  o f v a r ia t io n  o f d ie le c t r ic  constan t and r e f r a c t ­
iv e  index w ith  c o n c e n tra tio n  o f s o lu te .  In  fa c t  f o r  
th e  e r ro r  in  to  exceed 1? ,^ i . e .  0*01 Debye when
K = 1 and M is  200, th e  e r ro r  in  ( -  « O)
/  . 2 e
and ^  ( -  ■ , Wg "  O) must be g ra te r  th a n  0*01 and
0*0035 re s p e c t iv e ly .  How changes in  r e f r a c t iv e  index 
can be measured to  -  0*0001 and as in  most cases th e  
r e f r a c t iv e  index is  app rox im a te ly  l in e a r  over an appre­
c ia b le  c o n c e n tra tio n  range, an accu ra te  mean va lu e  o f 
can be o b ta in e d . However, ^  o fte n  v a r ie s  a p p re c i­
a b ly  w ith  #2* th e se  cases s p e c ia l techn iques have
been necessary to  o b ta in  an accu ra te  va lu e  o f  o( . I t  
i s  d i f f i c u l t  to  make any se n s ib le  e s tim a tio n  o f th e  
accuracy o f in  these  in s ta n c e s . That t h is  i s  so 
w i l l  r e a d i ly  be seen when these  methods a re  d iscussed 
in  d e ta i l .
I t  is  w e ll e s ta b lish e d  th a t  accu ra te  measure-
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m enty o f ^  ( -  , Wg -  O) is  unecessaxy f o r  th e
d e te rm in a tio n  o f a d ip o le  moment in  s o lu t io n .  T h is  
was borne out by H i l l ,  Everard and S u tton  who showed
th a t  f o r  th e  e r ro r  in  ^  t o  exceed 19 ,^ would have
to  be wrong in  th e  f i r s t  decim al p la ce  ( i . e .  i t  almost 
s u f f ic e s  t o  guess i t ) .  The s p e c if ic  volumes measured 
in  t h is  in v e s t ig a t io n  were p ro b a b ly  accu ra te  to  -  0*0002, 
consequently  th e  va lues  o f  ^  w i l l  be w e ll  w ith ih  th e  
re q u ire d  l im i t s .
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(4 ) R e su lts
( a) Ac et ic  Ac id-Benz ene Sy s t  emsf.
The d ip o le  moments o f th e  a c e tic  ac id  monomer 
and d i m e r , a n d  j j ^  re s p e c t iv e ly ,  have been measured 
in  benzene s o lu t io n .  The d im é r is a t io n  co n s ta n t, 
has a lso  been de term ined .
%
2M
and j j . - ^  were c a lc u la te d  us ing  a method developed 
by Bauge and Smith f o r  th e  d e te rm in a tio n  o f th e  d i ­
p o le  moments o f qu a te rna ry  ammonium s a l ts .  T h is  method 
was based on th a t  devised by P o h l, Hobbs and Gross to  
in te r p r e t  th e  c o n c e n tra tio n  dependence o f th e  apparent 
m olar p o la r is a t io n  o f c a rb o x y lic  a c id s  in  s o lu t io n .
I t  was assumed th a t  a t low  co n c e n tra tio n s  th e re  is  an 
e q u ilib r iu m  between monomeric and d im e ric  spec ies .
Under th e se  c ircum stances each s o lu te  species p resen t 
produces an increm ent in  the  d ie le c t r ic  constan t which 
is  p ro p o r t io n a l to  i t s  w e i ^ t  f r a c t io n  in  th e  s o lu t io n ,  
i . e .  :
A i -  A tM  (1 ) jj A i  ^
/
are th e  increm ents due to  monomer and dimer re s p e c t iv e ly .
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T h is  may he re -e xp re sse d :
A l  -  • • •  (2 ) Where o( and w have
t h e i r  u sua l meanings. I f  th e  a c t iv e  masses o f monomer 
and dim er can be rp re s e n te d  by t h e i r  co n ce n tra tio n s  
and in  moles cc ^ th e n  th e  d im é r is a t io n  constan t 
is  g iv e n  by th e  exp ress ion :
\ V  ^
id ie re  « m o lecu la r w e i^ t  o f  monomer and \T = s p e c if ic  
volume o f th e  s o lu t io n .  How + w^  ^ *  w, th e  t o t a l  
w e igh t f r a c t io n  o f s o lu te .  For any p a r t ic u la r  so lu ­
t io n  -  y  , then
A f  "  0(  ■*' W -q ) » o( j^W j^  +  j)W -g  ( 4 j
w(c<
hence w.. "-----------------
s u b s t itu t in g  f o r  in  (3 ) we o b ta in :
%  -  M ^  (5 )
U  2w
^ o r  t h is  system and are  c o n s ta n t. Thus
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t 2K,
by p u t t in g  E »   , i t  fo llo w s  th a t :
c( ^  o( y i ^  -o^p)^ 7  (6)
I f  th e re fo re  c/ is  p lo t te d  a g a in s t W  7 one
should o b ta in  a s t r a i ^ t  l i n e  p lo t  w ith  in te rc e p t c/ ^
t
and slope -  K . These two co n s ta n ts  are best ob ta ined  
from  th e  d a ta  u s in g  th e  p r in c ip le  o f le a s t  squares.
T h is  method assumes th a t  th e  f ix e d  va lues  o f one inde ­
pendent v a r ia b le ,  in  t h is  case w, are c o rre c t and hence 
o n ly  th e  dependent v a r ia b le  is  su b je c t t o  e r ro r .  I t  
a lso  assumes th a t  th e  l i n e  o f best f i t  is  th e  one w hich 
makes th e  sum o f th e  squares o f  d e v ia tio n s  from  th a t  
l i n e  a minimum. A s e r ie s  o f  va lues o f V were chosen 
and used to  eva lua te  0/ ^  and E. At th e  same tim e  ^  
i s  c a lc u la te d  f o r  each s o lu t io n  and th e  square o f th e
m eitjUjLxo
mol-ecules o f th e  d if fe re n c e , d , between t h is  c a lc u la te d  
oC and th e  experim en ta l va lu e  de term ined. A p lo t  
o f th e  sunyg o f these squares a g a in s t th e  chosen va lu e  
o± o( j) has a minimum a t -  0*185 -  0*005 (see Graph
B . l , ) ,  In s p e c tio n  o f  th e  s e r ie s  o f p lo ts  o f ol 
a g a in s t (o l -o (p ) w (see Graph B .2 .)  con firm ed th a t  
t h is  minimum corresponded to  th e  best s t r a ig h t  l i n e .
1
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The va lu e s  o f V ^  and E co rrespond ing  to  ü  ^  = 0*185 
are 3 *6 5 1 ^  and 138*9 l.m o le " ^
TABLE B .6 .
ACETIC ACID-BEHZEHB
A l




















TABLE B .7 . (see Graph B . l . )  
ACETIC ACID-BMZENE
c/ L o( M "  Î -  (103) K d .m o le "^ ) T d Z
0*000 3*478 0*798 83*3 0*4877
0-100 3*524 0*949 111*4 0.3311
0*150 3*617 1*084 123*8 0*2912
0*180 3-643 1*683 128*5 0*2777
0*185 3-659 1*174 138*9 0*2602
0*190 3-744 1*202 142*0 0*2785
0*220 3*819 1*426 169*5 0*3044
0*250 3-943 1*654 206*5 0*4123
C a lo u la t io n  o f  th e  d ip o le  moments o f a c e t ic  ao id  monomer 
and d im er
^ *56H a lv ^ ta d t  and Zumler assumed th a t  in  d i lu t e
s o lu t io n ,  th e  d ie le c t r ic  c o n s ta n t, £ s p e c if ic
volum e, 7^2» o f th e  s o lu t io n  a re  l in e a r  fu n c tio n s  o f th e
w e igh t f r a c t io n  o f s o lu te  Wg so t h a t :
^ 1 2  ■ ^  1 + Wg (1 )
V i2  -  f  ^ 2  (2 )
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where i. ^  and 7^ are th e  d ie le c t r ic  constan t and s p e c if ic  
volume o f  pu re  s o lv e n t and d  , c o n s ta n ts .
Expressing th e  C la u s iu s -M o s s o tt i equa tion  in  th e
fo rm :
^  *1 o "  1
Pl2 ■ g • \ z  (3)
z 12 + ^
where s p e c if ic  p o la r is a t io n  o f  th e  s o lu t io n  i t
fo llo w s  from  ( l )  and (2 ) t h a t :
where th e  s p e c if ic  p o la r is a t io n  o f th e  s o lu te  a t
i n f i n i t e  d i lu t io n .  The s p e c if ic  r e f r a c t io n  may be c a l­
c u la te d  from  th e  analogous equa tion  w ith  d ie le c t r ic  con­
s ta n t re p la ce d  by th e  square o f th e  r e f r a c t iv e  index  and
Aby ^  , th e  l im i t in g  v a lu e  o f ^  ^
2
^2
The co rrespond ing  t o t a l  m olar p o la r is a t io n  and r e f r a c t io n  
a re  r e a d i ly  ob ta ined  from  (4 ) and (5 ) by m u lt ip ly in g  by 
th e  m o lecu la r w e ig h t. How th e  t o t a l  m olar p o la r is a t io n ,  
equal to  th e  sum o f th e  e le c t ro n ic ,  atom ic and
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C5x^ ent a t io n  p o la r is a t io n s .  The e le c tro n ic  p o la r is a ­
t io n  is  equal t o  th e  m olar r e f r a c t io n  e x tra p o la te d  to  
i n f i n i t e  w ave leng th . There is  no sys tem a tic  r e la t io n ­
sh ip  between t h is  and th e  atom ic p o la r is a t io n  w hich de­
pends on th e  in d iv id u a l p o la r i t ie s  o f th e  bonds. Conse­
q u e n tly , th e  o n ly  a llow ance made f o r  th e  atom ic p o la r is a -
2 2 t io n  was th e  use o f in s te a d  o f  no« .  The d ip o le
moment,y^, i s  ob ta ined  fro m  th e  o r ie n ta t io n  p o la r is a t io n ,
p ^ 2 * T^ising th e  e q u a tio n :
^  - j9KT/4Tr H J T Ïg  = 0*2212
a t 25^ C, C a lc u la t io n s  o f  th e  moment o f  a c e tic  a c id  
monomer and dim er y ie ld  1*505 and 0*832 Debye U n its  
r e s p e c t iv e ly .
D iscu ss io n
In v e s t ig a to rs
TABLE B .8 .
P o h l, Hobbs and Gross^*^
J enklns
Method o f 
C a lc u la t io n
re fe re n c e 31 1*64 0*94
w 32 1*46 1*39
tt 35 1*65 0*96
tt 35 1*50(5) 0*83(2)
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Tab le  B ,8* summarises th e  v a r io u s  c a lc u la t io n s  
o f  th e  moments o f th e  a c e t ic  ac id  monomer and d im er.
I n  th e  th re e  c a lc u la t io n s  u s in g  th e  ezpe rim en ta l r e s u lts  
o f  P o h l, Hobbs and Gross i t  is  r e a d i ly  n o t ic e a b le  th a t  
th e  low e r th e  v a lu e  o f th e  g re a te r  th e  va lu e  o f
o b ta in e d . A l l  th re e  c a lc u la t io n s  are b a s ic a l ly  
s im i la r  in  th a t  th e y  a ttem pted  to  f i t  t o  a s t r a i ^ t  l i n e  
p lo t  e xpe rim en ta l behav iou r no t adequa te ly  described  by 
th a t  s t r a ig h t  l in e  r e la t io n s h ip .  That t h is  is  so can 
be e xp la in ed  by c o n s id e r in g  th e  i n i t i a l  prem ise th a t  a t 
low  c o n c e n tra tio n s  th e re  e x is ts  in  s o lu t io n  o n ly  monomeric 
and d im e ric  sp e c ie s . T h is  assumes th a t  th e re  is  o n ly  
one d im e ric  spec ies p re s e n t, a c y c l ic  d im er. Both 
the se  assum ptions must be cons ide red  d o u b tfu l in  v iew  
o f th e  e xp e rim e n ta l ev idence . F i r s t l y  w h i ls t  i t  i s  
q u ite  t r u e  th a t  a t low  c o n c e n tra tio n s  th e  a c e t ic  a c id  
e x is ts  la r g e ly  in  e ith e r  th e  monomeric or d im e ric  fo rm .
I t  i s  a lso  p ro b a b ly  t r u e  th a t  even a t the se  low  concen­
t r a t io n s  th e re  are  some h ig h e r po lym e ric  species p re s e n t. 
These in d iv id u a l spec ies may have a f i n i t e  d ip o le  moment 
and th u s  c o n tr ib u te  t o  th e  d ie le c t r ic  con s tan t inc rem en t. 
Buckingham and Eaats supposed w ith  some th e o r e t ic a l  
ju s t i f i c a t i o n  th a t  a p lo t  o f  ve rsus w shou ld  be
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l in e a r .  In s p e c t io n  o f t h is  p lo t  (see Graph B ,3 .)  shows 
q u ite  c le a r ly  th a t  one or b o th  o f th e  i n i t i a l  prem ises 
must be in c o r re c t .  I t  has been shown th a t  a c y c l ic  
d im er does d e f in i t e ly  e x is t  ; however i t s  e x is te n ce  does 
n o t p re c lu d e  th e  p o s s ib i l i t y  o f an open c h a in  d im er*
An e q u il ib r iu m  co u ld  be s e t up between th e  two typ e s  
o f d im er p re s e n t. I t  is  d i f f i c u l t  t o  p rove or d is ­
p rove  t h is  p rem ise . However th e  ra th e r  h ig h  f i n i t e  
v a lu e  o f  th e  d ip o le  moment o f th e  a c e t ic  a c id  dim er has 
never been adequa te ly  e x p la in e d . The c y c l ic  dim er 
has th e  s t ru c tu re  shown be low :
0 . . .  H — 0 
/ / '  \
CH- -  C C -  OS,
^ \  / /  ^
0 -  H . . .  0
Assuming th a t  th e  dim er is  a r i g i d ,  p la n a r non io n is e d  
r in g ,  th e n  one would expect i t s  moment t o  be ze ro *
The e x is te n c e  o f th e  la rg e  re s id u a l p o la r is a t io n  o f  
th e se  d im ers cou ld  be e xp la in e d  by any or a l l  o f  th e  
fo l lo w in g :  ( l )  Thermal b in d in g  o f th e  two ha lve s  o f
th e  dim er so th a t  a n e t permanent d ip o le  moment r e s u l t s .  
T h is  seems to  be excluded by th e  fa c t  th a t  th e  ne t 




l i n e  jo in in g  th e  two c a rb o x y l groups and any bending 
p e rp e n d ic u la r to  the  r in g  would p ro b a b ly  c o n tr ib u te  
v e ry  s l i g h t l y ,  i f  a t a l l  to  th e  p o la r is a t io n .  (2 ) A 
so lve n t e f fe c t .  T h is  seems u n l ik e ly  s in ce  th e  
va lu e s  o f f o u n d  are e s s e n t ia l ly  th e  same in  heptane 
as in  benzene. (3 ) The presence o f p o la r  aggregates 
n o t cons ide red  in  th e  e q u il ib r iu m  c a lc u la t io n s .  The 
main o b je c t io n  to  t h is  e x p la n a tio n  i s  the  constancy o f 
th e  moment found f o r  th e  d im e ric  spec ies o f s im i la r  
c a rb o x y lic  ac id s  w h i ls t  t h e i r  d im é r is a t io n  co n s ta n ts  
v a ry  c o n s id e ra b ly . (4 ) Atom ic P o la r is a t io n .  T h is
would QrLw, m a in ly  from  chem ica l bond ing and seems t o  
be th e  most l i k e l y  e x p la n a tio n . However, th e  sm a ll 
range o f va lue s  o f  /a found f o r  d i f f e r e n t  ac id  d im ers 
should no t p re c lu d e  th e  p o s s ib i l i t y  o f  th e re  be ing  an 
open ch a in  d im er p re s e n t. In fra -R e d  Spectroscopy has 
e s ta b lis h e d  th e  presence o f  th e  r in g  dim er bu t a f fo rd s  
n e ith e r  p ro o f nor d is p ro o f o f  t h is  h y p o th e s is . Indeed 
th e  e q u il ib r iu m  process cou ld  be re p rese n ted  as fo l lo w s :
2M ^  ^
M « f r e e  -OH group o f monomer
^1 » open ch a in  dim er c o n ta in in g  one f re e  -OH and one
hydrogen bonded -OH group
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2 * c y c l ic  d im er. No f re e  -OH g roup .
Even a t th e  h ig h e s t a c id  c o n c e n tra tio n s  th e re  shou ld  be 
a f re e  -OH s tre tc h in g  freq uency . A l l  th e  I .E .  measure­
ments recorded  have been done in  carbon te t r a c h lo r id e  
s o lu t io n .  The d im é r is a t io n  con s tan t o f  a c e tic  a c id  
i s  c o n s id e ra b ly  g re a te r in  carbon te t r a c h lo r id e  th a n  in  
benzene; consequen tly  one would expect th e  e q u ilib r iu m  
process to  be s h if te d  w e ll over to  th e  r ig h t .  A lso  in  
benzene th e re  is  th e  p o s s ib i l i t y  o f th e  p r e fe r e n t ia l  
s t a b i l i s a t io n  o f  bo th  th e  monomer and open ch a in  d im e r. 
T h is  co u ld  occur i f  th e re  was some k in d  o f  in te r a c t io n  
between th e  f re e  -OH group and th e  a rom atic  7T -e le c tro n s .  
There is  some evidence f o r  t h is  ty p e  o f in te r a c t io n  from  
n .m .r .  spec trosco py . The re s u lt  should be, however, 
t h a t  th e  mean moment o f th e  dimer should be a p p re c ia b ly  
g re a te r  in  benzene th a n  in  o th e r s o lv e n ts .
In  summary, th e  p o s s ib i l i t y  o f  th e re  be in g  an 
open cha in  dim er as w e ll as r in g  d im er p re sen t in  s o lu ­
t io n  o f  a c e t ic  a c id  in  benzene should n o t be d iscou n ted *
H u ll  e t ,  Pegg and S u tton  examined th e  complex 
fo rm a tio n  between a s e r ie s  o f  phenols and tr im e th y la m in e .
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The square o f th e  'excess d ip o le  moment* f o r  th e  complex,
P  -
( ) , was found to  be p ro p o r t io n a l to  K, th e  a sso c ia ­
t io n  c o n s ta n t. The 'excess d ip o le  moment' is  th e  
d if fe re n c e  between th e  a c tu a l d ip o le  moment and th e  sum 
o f th e  d ip o le  moments o f th e  two in te r a c t in g  components. 
T h is  work was extended by P im e n ta i and McClij^eiljfan^ to  
c a rb o x y lic  a c id  d im ers . They suggested th a t  th e  e x p e r i­
m enta l quant i t  y,y^jQ, was analagous t o  and found a
m onotonie r e la t io n s h ip  between ( and f o r  th e
a l ip h a t ic  c a rb o x y lic  a c id s , w ith  th e  s in g le  e xce p tio n  o f
c h lo ro a c e tic  a c id . F u r th e r  to  t h is  th e y  cons ide red  
th e re  was a d i r e c t  r e la t io n s h ip  between ( A ^ ) ^  and lo g  K. 
V f l i i ls t  t h i s  has no more obvious e x p la n a tio n  than  th e  r e ­
la t io n s h ip  between and K, i t ,  a t any r a te ,  provokes
d is c u s s io n  o f A ^  in  term s o f hydrogen bond s tre n g th s .
i
The evidence p resen ted  by P im en ta i and 
in  support o f t h is  c la im  is  somewhat sca n ty . Indeed
use o f th e  commonly accepted v a lu e  o f  about 140 ra th e r  
th a n  370 f o r  th e  a s s o c ia tio n  co n s ta n t o f a c e t ic  a c id  
ca s ts  doubt on th e  whole id e a  o f  a d e f in i t e  re la t io n s h ip  
between K and * Tt would no t seem unreasonable to  
suggest th a t  any d ir e c t  r e la t io n s h ip  between and E
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i s  f o r t u i to u s ,  
g iv e n  be low .
The evidence quoted by th e  au tho rs  is
A c id
TABLE B ,9 ,V lo g  K
Form ic 126 1*06 1*124 1*034 2.1004
Ac e t ic 140/370 0 '9 4 0*884 0*969 2.1461/2*5682
B u ty r ic 428 0*93 0*865 0*964 2*6314
T r im e th y l-  
ac e t ic 690 0«92 0*864 0*959 2*8388
P ro p io n ic 392 0*88 0*774 0*938 2*5933
C h lo ro ­
a c e t ic 102 1*97 3*881 1*411 2*0086
The moment o f th e  a c e t ic  a c id  monomer is  th e  
re s u lta n t  o f th e  moments o f  th e  C -  0 , C « o and 0 -  ÏÏ 
bonds. Approxim ate va lue s  o f th e  bond ang les and 
le n g th s  have been ob ta ined  by E a rle  and Brockway 
u s in g  e le c tro n  d i f f r a c t io n .  These va lu e s  r e fe r  to  
th e  m o lecu le  in  th e  gaseous phase.
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A va lence-bond in te r p r e ta t io n  o f  th e  s t ru c tu re  in v o lv e s  
tw o p o s s ib le  s tru c tu re s :
0 6> 0
/  ^  / /
CH, -  C+ ^  CH, -  C
0 -  H 0 -  H
The C -  0 bond d is ta n c e  in d ic a te s  th a t  th e  C -  0 bond 
has l i t t l e  doub le bond c h a ra c te r. Much double bond 
c h a ra c te r would cause th e  m o lecu le  to  e x is t  in  two is o ­
m eric  form s w ith  p la n a r c a rb o x y l g roups. One form  
w ould have th e  h y d ro x y l group c is  to  th e  ca rb on y l g roup , 
and th e  o th e r would have i t  t r a n s ,  a s t ru c tu re  ob ta in ed  
by r o ta t in g  th e  -  OH th ro u g h  an ang le  o f 180®. Assum­
in g  th e  fo l lo w in g  v a lu e s  f o r  th e  in d iv id u a l bond moments, 
C « 0 ,2 *4  D, 0 -  0 0*74 D, 0 -  H 1*51 B, and C -  CH.
0*4 B, Smyth es tim a ted  th a t  th e  moments be 1*4  B. f o r  
th e  c is ,  and 3*9 B, f o r  th e  tra n s  s t ru c tu re .  E le c tro n  
d i f f r a c t io n  in d ic a te s  th a t  th e  C -  0 -  C p la n e  is  
about 25® t  8® out o f  t h i s  c is  p la n a r c o n f ig u ra t io n  in  
m e thy l a c e ta te . Making a s im i la r  a llow ance f o r  non 
p tâ n a r i t y  in  a c e t ic  a c id , e s t im a tio n  o f  th e  moment o f  
t h i s  c is  s t ru c tu re  y ie ld s  a va lu e  o f 1*7 B. The moment
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can a ls o  be c a lc u la te d  in  th e  case o f f re e  r o ta t io n  o f 
th e  -  OH group around th e  0 -  0 a x is .  T h is  comes to  
2*9 B. A l l  th e se  va lu e s  a re , o f course , approxim ate , 
bu t i t  is  c le a r  th a t  th e  t ra n s  s tru c tu re  and th a t  w ith  
f r e e  r o ta t io n  have much too  h i ^  moments to  e x is t  a lone . 
M, Davies has c a lc u la te d  th a t  th e re  is  a d if fe re n c e  
o f about 7*5 k  c a l in  th e  in te r a c t io n  energy between 
th e  C « 0 and -  0 -  H groups in  th e  c is  and tra n s  
c a rb o x y l fo rm s. From t h is  he es tim a ted  th a t  a t room 
tem p era tu re  th e  r e la t iv e  fre q u e ncy  o f occurrence o f c is  
to  t ra n s  is  3*6 x  1 0 ^ :1 . E ith e r  th e  c is  a lone o r a 
m ix tu re  o f th e  c is  and t ra n s  s tru c tu re s  w ith  th e  c is  
predom inant would g iv e  th e  observed moment. The 
v a lu e  o f  1*505 B.U . ob ta ined  in  t h is  in v e s t ig a t io n  is  
in te rm e d ia te  between th a t  c a lc u la te d  by Buckingham and 
Raai}B and th a t  c a lc u la te d  by th e  w r i te r  from  th e  
e xp e rim e n ta l r e s u lts  o f P o h l, Hobbs and G r o s s . A l l  
o f  th e se  va lue s  are  c o n s is te n t w ith  such an e q u il ib r iu m . 
Comparing th e  s o lu t io n  va lu e s  o f th e  monomer w ith  th a t  
ob ta in ed  by Zahn in  th e  gas phase shows th a t  th e  
s o lu t io n  va lu e s  are c o n s is te n t ly  lo w e r. The va lu e  
o f th e  moment in  th e  vapour phase is  n o rm a lly  take n
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t o  be a p r e t ty  accu ra te  in d ic a t io n  o f th e  t r u e  d ip o le  
moment o f th e  is o la te d  m o lecu le , as th e  measurements 
a re  made under such c o n d it io n s  th a t  th e  substance shou ld  
e x is t  e n t i r e ly  in  th e  monomeric s ta te .  I t  is  g e n e ra lly  
accepted th a t  th e  apparent d ip o le  moment o f a substance 
in  s o lu t io n  v a r ie s  w ith  th e  d ie le c t r ic  con s tan t o f th e  
medium. For a m olecu le  in  w h ich th e  re s u lta n t  d ip o le  
l i e s  near to  th e  a x is  o f maximum p o la r  is  a b i l i t y  th e  
apparent d ip o le  moment w i l l  be g re a te r  in  a medium o f 
lo w e r d ie le c t r ic  c o n s ta n t. C onsequently one would 
expect th e  va lu e  o f ^  c a lc u la te d  from  d a ta  ob ta ined  
a t 30® to  be s l i g h t l y  h ig h e r th a n  th a t  c a lc u la te d  from  
measurements a t 25® C. I t  i s  however d i f f i c u l t  to  
e x p la in  so g re a t a d if fe re n c e ,  1*65 as compared to  
1*505, on t h is  b a s is .
There have been innum erable a ttem p ts  to  d e r iv e  
equa tions  r e la t in g  th e  apparent d ip o le  moment in  s o lu ­
t io n  w ith  th e  d ie le c t r ic  cons tan t o f th e  medium. The 
approaches to  t h is  problem  f a l l  in to  fo u r  c a te g o r ie s . 
These a re : ( l )  P u re ly  e m p ir ic a l r e la t io n s h ip s  which were 
d e r iv e d  t o  e x p la in  one or more s e r ie s  o f r e s u lts  and 
which a re  o f  l im ite d  a p p l ic a b i l i t y .  (2 ) T h e o re t ic a l
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tre a tm e n ts  based on th e  e le c t r o s ta t ic  in d u c t iv e  e f fe c t  
o f  th e  d ip o le s  on th e  medium in  t h e i r  v i c i n i t y .  (3 ) 
T h e o re t ic a l tre a tm e n ts  based upon more d ra s t ic  m o d if i­
c a t io n s  o f th e  C la u s iu s -M o sso tti-B e b ye  th e o ry  and (4 ) 
A ttem pts which combine th e se  th re e  approaches. As y e t 
no s in g le  th e o ry  has been devised w hich can s a t is f a c to r i l y  
e x p la in  e i th e r  th e  v a r ia t io n  o f th e  d ip o le  moment o f  a 
substance w ith  th e  d ie le c t r ic  co n s ta n t o f  th e  s o lv e n t 
in  which measurement ta ke s  p la ce  or can in te r p r e t  th e  
d ie le c t r ic  con s tan t o f pure  l iq u id s  in  term s o f t h e i r  
d ip o le  moments.
One is  fo rc e d  to  conclude by s ta t in g  th a t  th e  
v a r ia t io n  in  va lu e s  o f  th e  moments o f  a c e t ic  a c id  mono­
mer and dim er c a lc u la te d  fro m  th e  one s e t o f  r e s u lts  r e ­
f le c t s  th e  inadequacy o f  th e  t h e o r e t ic a l  trea tm e n t o f 
th e  v a r ia t io n  o f d ie le c t r ic  p o la r is a t io n  w ith  concen­
t r a t io n .  Every a ttem pt was made by th e  w r i te r  to  
ensure th a t  h is  experim en ta l measurements were made 
under th e  c o n d it io n s  necessary f o r  a p p l ic a t io n  o f th e  
th e o ry .  The re s u lts  w i l l  be made use o f th ro ug hou t 
th e  rem ainder o f th e  in v e s t ig a t io n .
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(b ) B it)o le  moments o f Organio Bases
The d ip o le  moments o f p y r id in e ,  4 - p ic o l in e ,  
2 ,6  l u t i d ene and q u in o lin e  were de te rm ined  in  benzene 
s o lu t io n *  S e lec ted  l i t e r a t u r e  va lu e s  a re  g ive n  in  
th e  ta b le  below#
TABIE B .IO .
ReferenceBas e
P y r id in e
P y r id in e
4 -P ic o l in e
2 ,6 - fu t id ^ n e
Q u in o lin e
Q u in o lin e
B ip o le  Moment 
(B .U .)
2.20  





C leverdon , C o ll in s  and Sm ith, 
JCS, 1956, 4499.
Cumper, Vogel and W alker,
JCS, 3621, 1956.
Buckingham, l e  Eevre e t a l ia . ^ ^  
JCS, 1405, 1950.
l e  E ^vre  and Sm ith, JCS,
2810, 1932
As i t  was necessary t o  have p re c is e  va lu e s  o f 
, th e  l im i t in g  va lu e s  o f a t zero  c o n c e n tra tio n
f o r  m ix tu re s  o f bases w ith  benzene, th e  d ip o le  moments 
o f the se  compounds have been determ ined in  benzene s o lu ­
t io n  a t 25^ C. To e va lu a te  th e  d ip o le  moment o f a 
s in g le  compound one needs to  know in  a d d it io n  to  V  ,
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th e  l im i t in g  va lu e s  ^  and J  o f th e  co rrespond ing  
s lopes o f th e  s p e c if ic  volume and r e f r a c t iv e  index  
increm ents  ve rsus w e igh t f r a c t io n .  W ith  th e se  base 
a l l  th re e  p lo ts  were s è n s ib ly  l in e a r  over a w ide con­
c e n tra t io n  range. The H a lv e rs ta d t-K u m le r E qua tion  
was used to  e va lu a te  th e  t o t a l  s p e c if ic  p o la r is a t io n  
o f  th e  s o lu te  base, ^ 20^  * from  the se  param aters.
S. - 1
Y  >
The t o t a l  m o le cu la r p o la r is a t io n ,  , i s  e a s ily
ob ta in ed  by m u lt ip ly in g  f 2 ^  by th e  m o lecu la r w e igh t 
o f th e  in d iv id u a l base f. No s p e c ia l a llow ance was 
made fo r  a tom ic p o la r is a t io n  in  c a lc u la t in g  th e  d ip o le  
m o m e n t , , from  th e  t o t a l  m o le cu la r p o la r is a t io n .  A 
summary o f  th e  r e s u lts  is  g iv e n  below .
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TABLE B . l l
Base 4
P y r id in e 6*680 -0*126 0*098 2*19
4 -P ic o lin e 7*898 -0*079 0*079 2*59
2 , 6-£utid jéne 2*996 -0*044 0*073 1*71
Q u in o lin e 4*322 -0*231 0*279 2*19
Fôr tThe va lu e s  o f o< y  and ^  compare fa v o u r­
a b ly  w ith  those  found by C leverdon e t a l ia ; ^ ^  =
6*675, ^  -  0*133, K -  0 -0 4 , y -  -  2*20 D. The
va lu e s  o f ^  ^  e tc . f o r  th e  o th e r bases a lso
compare fa v o u ra b ly  w ith  p re v io u s  w ork.
(c )  Acid-Base Comdexes
The d ip o le  moments and a s s o c ia t io n  con s tan ts
%
have been m easuredfor th e  complexes formed in  benzene 
s o lu t io n  between a c e t ic  a c id  and th e  a rom atic  bases: 
p y r id in e ,  4 -P ic o l in e ,  2 , 6 - fu t id y h e  and Q u in o lin e .
E x p e rim e n ta lly  t h is  in v o lv e d  measuring th e  d i ­
e le c t r ic  co n s ta n ts  o f  s e v e ra l s o lu t io n s  o f a c e tic  a c id  
in  con s tan t r a t io  m ix tu re s  o f base and s o lv e n t.  There 
was always an excess o f  base p re sen t in  s o lu t io n .
I t  has been p o in te d  ou t S e c tio n  B2 th a t  ^ ^ e o f
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th e  methods o u t l in e d  th e re  were p a r t ic u la r ly  s u ite d  to  
th e  systems in v e s t ig a te d  by th e  w r i t e r .  For example, 
th e  method dev ised  by Few and Smith was u n s u ita b le  
as i t  made no a llow ance fo r  th e  c o m p lic a tin g  fa c to r  o f 
th e  d im é r is a t io n  o f a c e t ic  a c id .  As has been p o in te d  
o u t, t h i s  is  so s tro n g  as to  p r o h ib i t  th e  d e te rm in a tio n  
o f  (X f o r  th e  m ix tu re  o f monomeric a c id  and complex by 
any s im p le  e x tra p o lo t io n  p ro cess . T h is  d i f f i c u l t y  
co u ld  be overcome i f  th e  d im é r is a t io n  co n s ta n t o f a c e t ic  
a c id  was sm a ll compared w ith  th e  complex fo rm a tio n  con­
s ta n ts .  That t h is  was p ro b a b ly  no t th e  case was in ­
fe r re d  from  a c o n s id e ra tio n  o f  th e  r e la t iv e  va lue s  o f  
the se  co n s ta n ts  in  o th e r s o lv e n ts .  Barrow and Y erger 
u s in g  I .H .  Spectroscopy found th a t  th e  d im é r is a t io n  con­
s ta n t o f  a c e tic  a c id  la y  between 1 ,000 and 2,650 l.m o le " ^  
in  carbon te t r a c h lo r id e  and between 100 and 420 l.m o le " ^  
in  c h lo ro fo rm . Barrow a lso  found th a t  th e  asso c ia ­
t io n  con s tan t f o r  a c e t ic  a c id  and p y r id in e  in  carbon 
te t r a c h lo r id e  and ch lo ro fo rm  was 220 and 70 l.m o le " ^  re ­
s p e c t iv e ly .  I t  seemed reasonab le  t o  assume th a t  in  
benzene th e  d im é r is a t io n  cons tan t would be g re a te r  th a n  
th e  a s s o c ia t io n  co n s ta n t f o r  th e  a c e t ic  a c id -p y r id in e  
complex. The o the r o rg an ic  bases used in  t h is  in v e s t i -
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ga t io n  were o f a s im i la r  n a tu re  to  p y r id in e  and i t  was 
n o t a n t ic ip a te d  th a t  th e re  would be a la rg e  v a r ia t io n  
in  th e  va lu e s  o f  th e  a s s o c ia t io n  co n s ta n ts  o f th e  v a r io u s  
a c id -b a se  complexes in v e s t ig a te d .  N e ith e r Few and 
Smith no r Sand a l l  made a llow ance fo r  t h i s .
In  a g e n e ra l c a rb o x y lic  a c id -b a s e - in e r t  s o lv e n t 
system th e  fo l lo w in g  e q u i l ib r ia  a re  almost c e r ta in ly  
se t up .
[D]
( 1 )  . . . .  2M D h  "  • • • •  ( 3 )




where B « a c id  d im er, M = a c id  monomer, B *  base and 
C = complex.
Under c e r ta in  c o n d it io n s ,  f o r  example, an excess o f  a c id , 
th e re  is  th e  p o s s ib i l i t y  o f th e  fo rm a tio n  o f a 2 :1  a c id : 
base com p lex ;a lso  th e re  may be h ig h e r p o lym e ric  species 
o f a c id  p re s e n t. Under th e  c o n d it io n s  used th r o u ^ o u t  
t h is  in v e s t ig a t io n ,  namely low  a c id  c o n c e n tra t io n  and an 
excess o f base, ( l )  and (2 ) a re  th e  prédom ina^ e q u i l ib r ia .
I f  th e  i n i t i a l  c o n c e n tra t io n  o f a c id  i s  equal to  
[ a ] ,  th e n :
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[A ] .  [M] + 2 [D ]  + [C ] (5 )
I f  th e  i n i t i a l  c o n c e n tra t io n  o f  base, [ b ] ,  is  much 
g re a te r  than  [A ] ,  th e n  i t  is  a reasonab le  ap p ro x im a tion , 
b e a rin g  in  mind th a t  is  much g re a te r  th a n  Eg, t o  say 
th a t  th e  e q u ilib r iu m  c o n c e n tra t io n  o f B is  equal t o  th e  
i n i t i a l  c o n c e n tra t io n . Thus as [A ] and [B ] are bo th  
known, E^ h a v in g  been p re v io u s ly  de te rm ined , i t  should 
be p o s s ib le ,  p ro v id e d  th a t  E^ were known, t o  e va lu a te  
[M ], [C ] and [B ] f o r  each s o lu t io n .  The measured d i ­
e le c t r ic  co n s ta n t o f  each s o lu t io n ,  C g o in ’ re la te d  
to  th e  e q u ilib r iu m  c o n c e n tra tio n s  o f each species p resen t 
in  s o lu t io n  acco rd ing  t o  th e  e q u a tio n ;
^ s o ln  "  ^ s o lv e n t ”  °^D ''c  C *
where v ^ ,  w^^ Wq and Wg are  th e  e q u ilib r iu m  co n cen tra ­
t io n s  expressed as w e ig h t f r a c t io n s  o f M, D, C and B 
re s p e c t iv e ly .  These are re la te d  by equ a tio n  (7 ) :
Wjj + Wj) + Wc + Wj + Wg -  1 (7 )
where Wg « w e i ^ t  f r a c t io n  o f  s o lv e n t.
In  and g a re  th e  l im i t in g
va lue s  o f  , as w tends to  zero  f o r  each spec ies .
Of th e se  o n ly  d  q has no t been p re v io u s ly  de term ined .
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I f  a s e n s ib le  guess cou ld  be made a t ^  q th e n  i t  would
Be p o s s ib le  t o  o a lc n la te  Û1 -  ^ g o ln . "  ^  so lve n t 
f o r  each s o lu t io n .  These c a lc u la te d  va lues  cou ld  
th e n  be compared w ith  th e  a c tu a l charges in  d ie le c t r ic  
c o n s ta n t. Thus by t r i a l  and e r ro r  i t  shou ld  be 
p o s s ib le  to  a ss ig n  va lue s  to  bo th  Eg and q which 
would y ie ld  c a lc u la te d  va lues  o f A l  c lo s e ly  a p p ro x i­
m ating  t o ,  i f  no t equal t o ,  th e  e xp e rim en ta l v a lu e s .
The c a lc u la t io n s  in v o lv e d  a re  s t r a i^ t f o r w a r d  i f  some- 
Tfliiat le n g th y . The problem  is  however w e ll s u ite d  
to  a s o lu t io n  u s in g  a com putor. A c c o rd in g ly , p ro ­
grams have been dev ised  to  e f fe c t  th e se  and s im i la r  
c a lc u la t io n s .  The com puting was c a r r ie d  out on th e  
ATLAS Computor, U n iv e rs ity  o f London I n s t i t u t e  o f Com­
p u to r  Science.
A c e tic  A c id -P yrid ine -B en zen e  System.
The m ajor d i f f i c u l t y  in  t h is  method o f s o lu t io n  
is  o b v io u s ly  th e  assignment o f a s e n s ib le  range o f 
va lu e s  to  Eg and q . I n  t h is  p a r t ic u la r  case, remem­
b e r in g  th a t  th e  d im é r is a t io n  co n s ta n t o f a c e t ic  a c id  in  
carbon te t r a c h lo r id e  s o lu t io n  is  ap p ro x im a te ly  te n  tim e s  
as g re a t as th e  a s s o c ia tio n  co n s ta n t o f  a c e t ic  a c id  and
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p y r id in e  in  th a t  s o lv e n t,  Kg was assumed t o  be a p p ro x i­
m a te ly  10 . The cho ice  o f a range f  or oc ^ seemed to
be more s t ra ig h t fo rw a rd  in  th a t  i t  was p o s s ib le  to  make 
use o f  a p re v io u s  d e te rm in a tio n  by Mans e l  Davies and 
Sob^c'^k o f th e  moment o f th e  a c e t ic  a c id -p y r id in e  
complex in  benzene s o lu t io n .  The a u th o rs  found th e  
e f fe c t iv e  d ip o le  moment o f th e  complex t o  be 2*97 -  
0*015 D.U. Whether t h e i r  measurements were s u f f i ­
c ie n t ly  a ccu ra te  t o  j u s t i f y  t h e i r  c la im s  to  have f ix e d  
th e  d ip o le  moment to  w i th in  such a narrow  range o f 
va lu e s  is  d e b a tab le  as t h e i r  e xp e rim en ta l va lu e s  o f 
d ie le c t r ic  co n s tan t a re  quoted t o  o n ly  th re e  p lace s  
o f de c im a ls . However, by p u t t in g  th e  moment o f th e  
complex equal t o  3 D.U. and making use o f th e  a p p ro x i­
m a tion  developed by Guggenheim and m o d ifie d  by 
S m i t h , t h e  w r i t e r  o b ta in e d  a v a lu e  o f about 7*5 fo r  
Q. The w r i te r  d id  not a tta c h  to o  much w e ight to  
t h is  va lu e  fo r  th e  reason s ta te d  above. ^  q was 
a llow ed  t o  v a ry  between 7*0 and 11*0 . I t  was appre­
c ia te d  th a t  in c o rre c te d  va lue s  o f bo th  Kg and o( ^ cou ld  
by chance y ie ld  a p p a re n tly  a ccu ra te  va lues  o f / \ i  bu t 
th e  w r i t e r  f e l t  c o n fid e n t th a t  i t  should be p o s s ib le  to  
spot such va lu e s .
A Program w hich would c a lc u la te  A t.  fo x  n i l
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p o s s ib le  com b ina tions o f q and Kg w ith in  any g iv e n  
range o f va lu e s  was w r i t te n  a f te r  s e v e ra l u n su cce ss fu l 
a tte m p ts . T h is  Program w i l l  always be re fe r re d  to  
by th e  s u f f i x  A, i . e .  lA  r e fe rs  to  i t s  use in  t h i s  case 
and 2A, 3A and 4A in  succeeding cases. A second 
somewhat s im p le r program , la b e l le d  B, c a lc u la te d  
fo r  one chosen v a lu e  o f Kg and a range o f va lue s  o f  
Q. These programs are w r i t t e n  out in  f u l l  in  
Appendix 1 .
The d ie le c t r ic  co n s ta n ts  o f se ve ra l te rn a ry  
m ix tu re s  o f a c e tic  a c id , p y r id in e  and benzene were 
measured u s in g  th e  he terodyne bea t apparatus d e sc rib e d  
e a r l ie r .  The re s u lts  a re  g iv e n  in  Tab le  B .12. 
is  a measure o f  th e  d if fe re n c e  in  d ie le c t r ic  co n s tan t 
between th e  s o lu t io n  and pu re  s o lv e n t.
TABLE B .12.
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C o n ce n tra tio n  o f   ^
Basé B ,(m o les l . ' "  )
C o n ce n tra tio n  o f m 






















o4 c assumed t o  l i e  in  between 7*0 and 11*0 , w h ils t
Kg was assumed to  l i e between 8*0 and 12*0 ,
93.
In s p e c t io n  o f th e  r e s u lts  fro m  Program lA  
showed th a t  A l  f o r  any p a r t ic u la r  va lues o f B, A 
and (V Q was f a i r l y  in s e n s it iv e  to  Kg. Kg th e n  was 
made equal to  10*00 and Program IB  used to  c a lc u la te  
A c  • In  a d d it io n  t o  t h is  Program IB  p a in te d  out 
th e  e q u il ib r iu m  c o n c e n tra tio n  o f monomer, dim er and 
complex. In s p e c t io n  o f th e se  r e s u lts  showed th e  
m a jo r ity  o f  a c id  t o  be p re se n t in  th e  form  o f complex, 
a lth o u g h  a t th e  h ig h e s t a c id  c o n c e n tra tio n s  th e re  was 
an a p p re c ia b le  amount o f d im er p re s e n t. In  th e  l i g h t  
o f t h is ,  th e  i n i t i a l  prem ise th a t  th e  e q u ilib r iu m  con­
c e n tra t io n  o f base is  equal to  th e  i n i t i a l  c o n c e n tra tio n  
was un te n a b le  and bo th  Program lA  and IB  were m o d ifie d  
to  a llo w  f o r  t h i s .  T h is  co u ld  be done a p p ro x im a te ly  
by s u b tra c t in g  th e  e q u il ib r iu m  c o n c e n tra t io n  o f complex 
from  th e  i n i t i a l  c o n c e n tra t io n  o f  base. T h is  assumes 
th a t  o n ly  one species o f com plex, namely 1 :1  complex, 
i s  p re se n t in  s o lu t io n .  However, accu ra te  c a lc u la t io n  
o f  e q u i l ib r iu m  c o n c e n tra t io n  o f complex re q u ire s  an accu­
r a te  knowledge o f th e  e q u il ib r iu m  c o n c e n tra tio n  o f base. 
That t h is  was so was no t re a lis e d  im m ed ia te ly  by th e  
w r i t e r .  In s p e c t io n  o f th e  fo l lo w in g  equa tions w i l l  
show th a t  f u l l  c a lc u la t io n  o f th e  c o n c e n tra tio n  o f  complex
94.
is  somewhat le n g th y .
A = M + 2D + C (1 )
l e t  ^2 rep rese n ted  by Ü and V re s p e c t iv e ly
th e n :
Ü a —5 (2 )
and V -  ------  (3 )
where -  B -  C, B be ing  th e  i n i t i a l  c o n c e n tra t io n  o f 
base and C th e  e q u ilib r iu m  c o n c e n tra t io n  o f  com plex. 
S u b s t itu t in g  f o r  B^ in  (3 ) leads  t o :
c .  J L M j_  (4)
1 + m
from  (2 ) B -  M% ( 5)
S u b s t itu t in g  fo r  bo th  M and D in . ( l )  y ie ld s :
A -  M + ^  (6 )
1 + VM
or m3 + (  m2 + 1)  M -  ^  -  0 (7 )
I t  i s  p o s s ib le  to  reduce th e  g e n e ra l po lyn om ia l
3 2x'^  ^ + ax + bx + c a 0 to  an equa tion  o f th e  fo rm
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+ px + q » 0 w h ich can he r e a d i ly  so lved  by th e  
fo l lo w in g  p rocedure . L e t x  » y  -  p /3 y . S u b s t i tu t ­
in g  f o r  X in  th e  p o lyn o m ia l le ad s  to  th e  e q u a tio n  in  y :
3
_ P /27y3 + ^ -  0 
M u l t ip ly in g  th ro u g h  by y ^ ,  one o b ta in s  a q u a d ra tic  in
3
y  # i io h  is  r e a d i ly  so lved
y^ -  -  q/2  + y  q^ /4  + p ^ /2 7  (2 va lu e s )
T h is  y ie ld s  s o lu t io n  f o r  y  in  th e  fo rm  o f cube ro o ts .  
S u b s t itu t in g  the se  in  th e  fo rm u la  x  « y  -  p /3 y  we o b ta in  
th re e  p a ir s  o f s o lu t io n  f o r  x ,  p a ire d  s o lu t io n s  be ing  
eq u a l. E qua tion  (7 ) th e re fo re  may be tran s fo rm ed  and 
th e n  so lved f o r  M. A program , E, was devised which
in c o rp o ra te d  t h is  s o lu t io n .  T h is  is  a ls o  w r i t te n  out 
in  f u l l  in  Appendix I .  G iven th e  va lu e  o f M, s o lu t io n  
f o r  C and D was a co m p a ra tive ly  s im p le  m a tte r . The 
whole procedure  can be avoided by making th e  o r ig in a l  
assum ption th a t  th e  e q u il ib r iu m  c o n c e n tra tio n  o f  base,
^ 0 , eq u a lle d  th e  i n i t i a l  c o n c e n tra t io n , B. In  t h is  
case t%e cu b ic  in  M reduces to  a s im p le  q u a d ra t ic .  I t  
was no t f e l t  th a t  th e  e x tra  accuracy ob ta in ed  u s in g  th e  
f u l l  s o lu t io n  f o r  C ju s t i f i e d  th e  use o f th e  more c o m p li-
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ca ted  program D. Consequently C was c a lc u la te d  assuming
a B and B was assumed t o  be equal to  th e  i n i t i a l  con- e e
c e n tra t io n ,  B, minus th e  conn ^ o f  complex C. T h is  
a p p ro x im a tion  was th e n  in c o rp o ra te d  in  bo th  programs A 
and B. The m o d ifie d  program A was run  w ith  ^ a llow ed
t o  v a ry  between 7 and 11 and Kg between 8*0 and 12*0* A 
summary o f the se  r e s u l t s  is  g iv e n  below in  Table ^ •13 *
TABLE B .13 .
Key: ^  = D if fe re n c e  between th e  c a lc u la te d  increm ent in
d ie le c t r ic  con s tan t and th e  e x p e r im e n ta lly  observed 
increm ent o
B
(m oles 1 . 1 ^  1 ) (m oles 1 . ”  )
A . A  
Kg -  8*00 Kg .  12*00 
0=7*00 ^0=11*00 0=7*00 o/0=11*00
0 '6418 0*0024 -0*00074 0*00050 -0*00071 0*00062
0*0070 -0*00261 0*00091 -0*00246 0*00136
0*0088 -0*00399 0*00109 -0*00318 0*00159
0*0141 -0*00560 0*00120 -0*00518 0*00233
0*0224 -0*00905 0*00129 -0*00823 0*00339
0*0322 -0*01364 0*00056 -0*01228 0*00398
0.7661 0*0120 -0*00492 0*00122 -0*00464 0*00199
0*0178 -0*00696 0*00190 -0*00647 0*00322
0*0500 -0*02134 0*00083 -0*01913 0*00630
0*0820 -0*03724 0*00393 -0*03294 0*00645
0*1028 -0*04814 -0*00832 -0*04240 4*00539
0*1702 -0*08465 4*02934;-0*07427 -0*00194
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) (m oles 1 . Eg -  8 .00
(< c " 7 '0 0 d ü " l l '0  ^
A
Ep “  12*00
q=7-o6 o<c-11*00
0*8378 0*0077 -0*00282 0*00126 -0*00269 0*00166
0*0119 -0*00457 0*00164 -0*00432 0*00234
0*0192 -0*00699 0*00275 -0*00648 0*00410
0*0263 -0*00992 0*00309 -0*00911 0*00518
0*0924 -0*04134 -0*00308 -0*03654 -0*00847
0*1195 -0*05566 -0*00878 -0*04899 -0*00713
T h is  summary a f fo rd s  evidence th a t  both(x! Q and 
Eg l i e  between th e  s p e c if ie d  ranges. Eg was p u t equal 
t o  10*0 and Program B used to  c a lc u la te  th e  e q u ilib r iu m  
c o n c e n tra t io n  o f complex, monomer ard. d im er. Table 
B .14 . shows the se  c o n c e n tra tio n s  expressed in  term s o f 
m o lar f r a c t io n s  o f  th e  t o t a l  a c id  c o n c e n tra t io n . I t  
a lso  shows th e  same in fo rm a tio n  ob ta in ed  by p u t t in g  





B A m olar f r a c t io n  o f A p re se n t as
monomer dim er complex
0*6418 0*0024 0*132 0*009 0*859
0*0070 0*130 0*034 0*836
0*0088 0*129 0*042 0*829
0*0141 0-126 0*063 0*817
0*0224 0*122 0*083 0*795
0*0322 0*118 0*125 0*757
0*7661 0*0120 0*111 0*042 0*847
0*0178 0*109 0*059 0*832
0*0500 0*100 0*137 0*763
0*0820 0*093 0*196 0*711
0*1028 0*089 0*227 0*684
0*1702 0*080 0*305 0*615
0*8375 0*0077 0*103 0*023 0*874
0*0199 0*102 0*0354 0*863
0*0192 0*101 0*054 0*845
0*0263 0*099 0*071 0*830






0*6418 0*0024 0*113 0*008 0*879
0*0070 0*111 0*026 0*863
0*0088 0*111 0*030 0*859
0.0141 0*109 0*047 0*844
99.
TABLE B .14. -  Continued
A m olar f r a c t io n  o f A p re se n t as:
monomer dim er complex
0*6418 0*0224 0*107 0*072 0*821
0*0322 0*104 0*096 0*800
0*7661 0*0120 0*095 0*030 0*875
0*0178 0*094 0*044 0*862
0*0500 0*086 0*104 0*810
0*0820 0*083 0*156 0*761
0*1028 0*080 0*183 0*737
0*1702 0*073 0*254 0*673
0*8375 0*0077 0*089 0*018 0*893
0*0119 0*088 0*025 0*887
0*0192 0*087 0*041 0*872
0*0263 0*085 0*054 0*861
0*0924 0*077 0*150 0*773
0*1195 0*074 0*182 0*744
S evera l p o in ts  emerge fro m  a s tu d y  o f t h is  ta b le , 
Eor any g ive n  a c id  c o n c e n tra tio n , th e  h ig h e r th e  base 
c o n c e n tra t io n  th e  g re a te r  i s  th e  p ro p o r t io n  o f a c id  p re ­
sen t in  th e  fo rm  o f  complex. At constan t base concen­
t r a t io n ,  as th e  c o n c e n tra tio n  o f a c id  i s  low ered , th e n
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th e  p ro p o r t io n  o f a c id  p re sen t as complex and monomer 
in c re a se s  w h i ls t  th e re  is  a co rrespond ing  decrease in  
th e  p ro p o r t io n  o f d im er. The converse is  a ls o  t r u e .  
Such e f fe c ts  are to  be expected from  a c o n s id e ra tio n  o f 
th e  Law o f  Mass A c t io n .
A f te r  a cons ide red  s tudy  o f the se  r e s u lts  th e  
w r i t e r  was unab le  to  a ss ign  a d e f in i t e  va lu e  t o  cxf 
w i th in  any s e n s ib le  degree o f accu racy . I t  was f e l t  
th a t  Kg was adequa te ly  d e fin e d  as 10 -  2 l .m o le * ^ .
^he d ie le c t r ic  constan t in c r ^ ^ e n t ,  , is  
r e la te d  to  th e  w e igh t f r a c t io n s  o f th e  v a r io u s  species 
in  s o lu t io n  acco rd ing  to  th e  e q u a tio n :
where th e  term s and w have th e  u s u a l s ig n if ic a n c e .  
Every q u a n t ity  in  t h is  e q u a tio n  w ith  th e  e xce p tio n  o f 
od Q is  r e a d i ly  d e te rm in a b le  o r r e a d i ly  c a lc u la te d . ( l ) ,  
th e re fo re ,  can be re -a rra n g e d  in  th e  g e ne ra l form  o f a 
s t r a i ^ t  l i n e  e q u a tio n .
y  .  b + mz (2 )
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where j  re p re s e n ts  A^. , b re p re s e n ts  ^ *
m re p re s e n ts  oC q and z  re p re se n ts  Wq.
Eow th e  te rm  B^B^ rep rese n ted  by b is
n o t ,  s t r i c t l y  speaking , a con s tan t as i t s  va lu e  v a r ie s  
from  s o lu t io n  t o  s o lu t io n .  However, i t s  v a lu e  a long  
w ith  th e  va lue s  o f A l  and Wq can be es tim a ted  f o r  
each in d iv id u a l s o lu t io n .  Consequently one can se t 
up 18 l in e a r  equa tions in  < q . S o lu t io n  o f  th e se  18 
equa tions  u s in g  th e  method o f averages y ie ld e d  th e  most 
p ro ba b le  va lu e  o f «C q . T h is  c a lc u la te d  va lu e  o f ^  ^ 
w i l l  o f  course depend on th e  chosen v a lu e  o f Kg. Kg 
was f i r s t  pu t equal t o  10 and s u b s t itu te d  in  a new 
Program C which c a lc u la te d  y ,  b and z  f o r  each s o lu t io n .
The va lu e  o f od q ob ta in ed  in  th is  way, 10*74 was then  
s u b s t itu te d  in  th e  H a lve rs ta d t-K a m ie r eq ua tion  in  order 
t o  de term ine th e  d ip o le  moment o f  th e  a c e t ic  a c id -  
p y r id in e  complex. Use o f th e  H a lv  e rs t  ad t-K um ler 
equa tion  re q u ire s  a knowledge no t o n ly  o f ^  b u t a lso  
o f  I? and ^  f o r  th e  com plex. I t  was im p o ss ib le  to  
de te rm ine  th e se  la s t  two q u a n t i t ie s  d i r e c t ly .  There 
was no need to  de te rm ine  j /  as th e  m o lecu la r r e f r a c t io n  
o f th e  complex was assumed to  be e q ua l, or a t  any r a te .
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v e ry  n e a r ly  equa l t o  th e  sum o f th e  m olar re f r a c t io n s  
o f  th e  c o n s t itu e n t a c id  and base. fo r  a c e t ic
a c id , -  0*122, is  v e ry  n e a r ly  equal t o  ^  f o r  p y r id in e ,  
-  0*126. The m o le cu la r w e igh t o f p y r id in e  is  no t v e ry  
d i f f e r e n t  to  th a t  o f a c e tic  a c id ,  so i t  is  a reasonab le  
a p p ro x im a tion  t o  re p re se n t th e  complex as a 50^ by w e i^ t  
s o lu t io n  o f a c id  in  base and th a t  -  0*124. Again
t h is  assumes, p o s s ib ly  in c o r r e c t ly ,  th a t  th e  s p e c if ic  
volumes are  a d d it iv e .  In  any case th e  d ip o le  moment,
, de term ined in  t h is  way is  r e la t iv e ly  in s e n s it iv e  to  
th e  v a lu e  o f ^  used (see  S e c tio n  3 c ) .
C a lc u la t io n  o f  th e  d io o le  moment o f  th e  A c e tic  A c id - 
P y r id in e  Complex
Q « 10*74, Q "  — 0*124
The t o t a l  s p e c if ic  p o la r is a t io n ,  , i s  g iv e n  by the
H a lv  e rs t ad t-K um le r eq ua tion  v iz .
r-, - 1
■  0 7 7 ^ *  " i Y  ) w
Y-^9 ^ 2 e re  th e  s p e c if ic  volume and d ie le c t r ic  con s tan t 
o f  pu re  complex.
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3 X 10*74 X 1*1444 1*2741
. -   P---------  + -----------  (1*1444 -  0*124)
^2»* (4 .2 74 1 )2  4.2741
I . e .  P2=o ■ 2*322 6
The t o t a l  m olar p o la r is a t io n ,  P g ^  , i s  g iv e n  by the  
e q u a tio n :
^ 2 ^  -  (2 )
M « m o lecu la r w e i ^ t  o f complex 
i . e .  P g ^ .  323*20
^2pO “  ^ 2 o o
where ^Pg ^  -  atom p o la r is a t io n ,  gPg ^  -  e le c tro n ic
p o la r is a t io n  w h ich  is  assumed to  be equa l to  th e  m olar 
r e f r a c t io n  o f th e  complex, and Qpg ^  » o r ie n ta t io n
p o la r is a t io n .  By assuming th a t  jP g  ^  is  equa l to  
th e  m olar r e f r a c t io n ,  E ^, one is  t a c i t l y  making a sm a ll 
a llow ance f o r  atom p o la r is a t io n .  No f t i r th e r  a llow ance 
was made in  t h is  case.
0 ^2 -0  -  “  Bj) (4 )
o r .  284*82
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The d ip o le  moment , i s  r e la te d  to  th e  o r ie n ta t io n  
p o la r is a t io n  by th e  e q u a tio n :
r j
9k
Bo .1  (5 )
k  « Boltzm ann*s C onstan t, N -  Avogadro’ s Number, T -  
a b so lu te  te m p e ra tu re .
At 25° C t h is  equa tion  s im p l i f ie s  t o :
yu -  0*2212 , i . e .  h  -  0*2212/2 8 4 *% ) =
3*73 D
P u tt in g  equa l to  8 and 12 y ie ld e d  va lu e s  o f oc ^ equa l 
to  11*40 and 10*34 re s p e c t iv e ly .  The co rrespond ing  
d ip o le  moments are  3*84 and 3*66 D. D e ta ils  o f these  
c a lc u la t io n s  o f to g e th e r w i th  those  in  th e  f i r s t
case a re  a l l  g iv e n  in  Table B .15 . which fo llo w s  s h o r t ly #
In  summary, th e re fo re ,  th e  p roba b le  d ip o le  
moment o f th e  a c e t ic  a c id -p y r id in e  complex is  3*73 i  0*12 D, 
and th e  a s s o c ia tio n  constan t is  equal t o  10 -  2 l .m o le * ^ .
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TABLE B .15.
R e s u lts  from  Program C. -  138*9> Kg -  1 0 *0 0 ,of ^ -  10*74
B(m 1 . “ ^) A ( in . l . “ ^ ) y b z
0.6418 0*0024 0*38683 0*38384 0*00032
0*0070 0*39010 0*38171 0*00092
0*0088 0*39223 0*38090 0*00115
0*0141 0*39657 0*37859 0*00180
0*0224 0*40314 0*37516 0*00277
0*0322 0*41114 0*37136 0*00385
Q.7661 0*0120 0*46978 0*45379 0*00161
0*0178 0*47420 0*45116 0*00234
0*0500 0*50018 0*43801 0*00602
0.0820 0*52585 0*42668 0*00920
0*1028 0*54247 0*41999 0*01109
0*1702 0*59531 0*40083 0*01652
0*8375 0*0077 0*50872 0*49856 0*00106
0*0119 0*51229 0*49654 0*00162
0*0192 0*51775 0*49315 0*00256
0*0263 0*52350 0*48998 0*00344
0*0924 0*57687 0*46455 0*01054
0*1195 0*59873 0*45563 0*01304
7
b
e x p e r i m e n t a l  v a l u e  o f  d i e l e c t r i c  c o n s t a n t  c h a n g e
X  j^ p !*  *  w t .  f r a c t i o n  o f  c o m p l e x  i n  s o l u t i o n
lA B lE  B .15. -  Continued 
-  138*9, Eg "  8 *00 , J. Q -  11*40
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B(m l . ~ ^ ) A ( m . l . - l )
i
y^exp) b(4 "Lea) w t . f r . )
0*6418 0*0024 0*38683 0*38390 0*00031
0*0070 0*39070 0*38192 0*00088
0.0888 0*39223 0*38117 0*00110
0*0141 0*39657 0*37907 0*00170
0*0224 0*40314 0*37600 0*00259
0*03220 0*41114 0*37266 0*00355
0*7661 0*01200 0*46978 0*45413 0*00153
0*01780 0*47420 0*45172 0*00222
0*0500 0*50018 0*44002 0*00554
0*0820 0*52585 0*43030 0*00833
0*1028 0*54247 0*42466 0*00955
0.1702 0*59531 0*40878 0*01455
0.8375 0*0077 0*50872 0*49875 0*00102
0*0119 0*51229 0 •49 68 6 0*00155
0*0192 0*51775 0*49373 0*00243
0*0263 0*52350 0*49083 0*00325
0*0924 0*57687 0*46857 0*00957
0*1195 0*59873 0*46103 0*01172
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TABLE B .15 . -  Continued, 
-  13 8 .9 , Eg = 1 2 . 0 0 , ^  ( 10*34
A (m , l, ” ^ ) y^exp) b ( l , t x  . )
0*6418 0*0024 0*38683 0*38380 0*00033
0*0070 0*39070 0*38157 0*00095
0*0088 0*39223 0*38071 0*00119
0*0141 0*39657 0*37825 0*00188
0*0224 0*40314 0*37456 0*00291
0*03220 0*41114 0*37042 0*00406
0*7661 0*0120 0*46978 0*45355 0*00166
0-0178 0*47420 0*45077 0*00242
0*0500 0*50018 0*43655 0*00636
0*0820 0*52585 0*42397 0*00985
0*1028 0*54247 0*41643 0*01195
0*1702 0*59531 0*39448 0*01808
0*8375 0*0077 0*50872 0*49843 0*00109
0*0119 0*51229 0*49633 0*00166
0*0192 0*51775 0*49276 0*00264
0*0263 0*52350 0*48939 0*00357
0*0924 0*57687 0*46155 0*01125
0*1195 0*59873 0*45153 0*01403
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S tru c tu re  o f th e  A ce tic  Ao id -P y r id in e  Complex
There a re  th re e  p o s s ib le  s p a t ia l  c o n f ig u ra t io n s  
f o r  th e  groups o f  atoms in  t h is  complex. I t  w i l l  be 
remembered th a t  th e  a c e tic  a c id  m o lecu le  can be envisaged 
as e x is t in g  in  th re e  iso m eric  fo rm s. S im i la r ly  one can 
envisage th e  a c e tic  a c id -p y r id in e  complex e x is t in g  in  
th re e  iso m eric  fo rm s. The independent e x is te n ce  o f  
e i th e r  th e  c is  o r th e  tra n s  form s is  dependent on th e re  
be ing  r e s t r ic t e d  r o ta t io n  o f  th e  a tte n d a n t groups around 
th e  C -  0 bond. s im p le  bond between two atoms
in v o lv e s  an e le c tro n  d is t r ib u t io n  w hich is  cy 1 in d r i c a l l y  
sym m etrica l about th e  a x is  o f th e  bond. Consequently
n-o
i t  e x e rts  r e s t r i c t io n  upon the  r o ta t io n  o f  th e  
a ttached  groups such as is  encountered when a TT -bond
is  p re s e n t. The d ip o le  moment o f a m olecu le  c o n ta in -
 _
in g  o n ly  o should v a ry  c o n tin u o u s ly  w ith  th e
r e la t iv e  d is p o s it io n  o f th e  groups w ith  re sp e c t t o  each 
o th e r , and i f  a l l  such d is p o s it io n s  are e q u a lly  p ro b a b le , 
th e  average moment observed should be s im p ly  re la te d  to  
th e  group moments o f th e  a ttached  groups. The C -  0 
bond d is ta n c e  in  a c e tic  a c id  in d ic a te s  th a t  th e  bond has 
l i t t l e  doub le bond c h a ra c te r.  However th e  th e o r e t ic a l  
d ip o le  moment o f th e  a c e t ic  ac id  monomer in  w hich th e re
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i s  f r e e  r o ta t io n  o f th e  h y d ro x y l group about th e  C -  0 
a x is  is  2*8 D. c o n s id e ra b ly  h ig h e r than  th e  v a lu e  o f 
1*505 D. ob ta in e d  by th e  w r i t e r .  T h is  v a lu e  o f 
1*505 D. has been e xp la ined  as be in g  c o n s is te n t w ith  
th e re  be ing  an e q u ilib r iu m  between th e  p o s tu la te d  c is  
and t ra n s  isom ers. I t  i s  p o s s ib le  to  c a lc u la te  th e  
th e o r e t ic a l  d ip o le  moments o f bo th  th e  c is  and tra n s  
iso m e ric  form s o f th e  a c e tic  a c id -p y r id in e  complex, 
and a lso  o f th e  isomer in  which r o ta t io n  o f th e  h yd ro xy l- 
p y r id in e  bond is  no t r e s t r ic t e d .  In  do ing the se  c a l­
c u la t io n s  i t  was assumed th a t  th e  approach o f a p o la r  
base, i . e .  p y r id in e ,  causes no change in  th e  moment o f
th e  -  OH group and th a t  a l in e a r  -  OH . .  N bond is
form ed. Hydrogen bonding n o rm a lly  causes c e r ta in  
m o d if ic a t io n s  to  th e  e le c tro n  d e n s it ie s  o f th e  in t e r ­
a c t in g  m olecu les or groups o f  atoms. For example, 
th e  0 -  H bond in  a c e t ic  a c id  w i l l  be leng thened t h r o u ^
th e  a t t r a c t io n  o f th e  e le c tro n  in  th e  approach ing
p y r id in e  m o lecu le . A lso th e re  w i l l  be a p o la r is a t io n  
o f  the  g roup ings l in k e d  to  th e  b a s ic  c e n tre  in  such a 
sense th a t  e le c tro n s  are d is p la c e d  tow ards i t .  Conse­
q u e n tly  th e  d ip o le  moments o f th e  in te ra c t in g  m olecu les 
may be changed by hydrogen bo nd in g . I t  is  im p o ss ib le
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t o  make a llow ances f o r  such co m p lic a tio n s  in  c a lc u la t in g  
th e se  th e o r e t ic a l  moments.
U sing the  va lu e s  assigned by Smyth to  th e  
in d iv id u a l bond moments in  a c e t ic  ac id  and th e  v a lu e  o f 
th e  d ip o le  moment o f  p y r id in e  found by th e  w r i t e r ,  th e  
moments o f th e  c is  and tra n s  s tru c tu re s  were c a lc u la te d  
to  be 2*06 and 6*09 D. re s p e c t iv e ly .  I f  th e  h y d ro x y l-  
p y r id in e  g roup ing  is  assumed to  r o ta te  f r e e ly  about th e  
0 - 0  a x is ,  th e n  th e  moment is  c a lc u la te d  to  be 4*54 D.
C a lc u la t io n  o f th e  moments o f  th e  c is  and t ra n s  form s
Ù
in v o lv e s  o n ly  a sample v e c to r  a d d it io n  o f  th e  v a r io u s  
group and bond moments. The d ip o le  moment o f th e  
s t ru c tu re  w ith  f re e  r o ta t io n ,  u  , can be c a lc u la te d
/  f
s im p ly  u s in g  th e  e q u a tio n :
■ * '/■/ y/'
Where th e  s u f f ix e s  c and t  r e fe r  t o  c is  and tra n s  
resp  a c t iv e ly .
S te r ic  c o n s id e ra tio n s  would seem to  fa v o u r th e  
c is  isomer because o f  th e  p o s s ib i l i t y  o f  a s t a b i l i s in g  
in te r a c t io n  between th e  ca rb o n y l group and th e  r in g  
p ro to n s  o f  th e  p y r id in e ,  b u t to o  much emphasis should
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no t be p lace d  on t h i s  p o s s ib i l i t y  because o f th e  r e la ­
t i v e l y  la rg e  s e p a ra tio n  o f th e  r in g  p ro to n  and th e  
ca rb o n y l g roup .
I t  is  g e n e ra lly  accepted th a t  i f  th e  d ip o le  moment o f  a 
complex is  g re a te r  th a n  th e  v e c to r  sum o f  th e  c o n s t itu e n t 
m o lecu les th e n  th e  a s s o c ia t io n  process has been accom­
panied by s ig n i f ic a n t  charge m ig ra t io n .  The es tim a ted  
moment o f th e  c is  complex is  2*06 D. and th e  measured 
moment o f th e  complex 3*73 D. I t  would be wrong to  
im m ed ia te ly  suggest th a t  th e  complex must be in  th e  c is  
fo rm  and th a t  s ig n i f ic a n t  charge m ig ra t io n  has taken 
p la c e . There a re  two good reasons f o r  t h is .  F i r s t l y  
i t  shou ld  be remembered th a t  th e  e s tim a tio n  o f th e  mom­
ents o f th e  c is  and tra n s  c o n f ig u ra t io n s  was o f n e c e s s ity  
v e ry  approxim ate and second ly , and more s ig n i f ic a n t ,  i t  
is  ex trem e ly  u n l ik e ly  th a t  th e  a s s o c ia t io n  o f  a weak a c id  
and weak base would be accompanied by s ig n i f ic a n t  charge 
m ig ra t io n .  ^  le s s  c le a r ly  s ig n i f ic a n t  measure o f th e
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in te r a c t io n  b u t one which is  easy t o  e s tim a te , is  th e  
d if fe re n c e  between th e  moment of th e  complex and th e  
s c a la r  sum o f th e  moments o f th e  a c id  and base. In  
t h is  p a r t ic u la r  in s ta n ce  th e  sum o f th e  moments is  3*70 , 
a f ig u r e  alm ost id e n t ic a l  to  th a t  measured e x p e rim e n ta lly  
f o r  th e  com plex. T h is  i s  f u r th e r  evidence o f l i t t l e  or 
no charge m ig ra t io n .  As p re v io u s ly  m entioned Davies 
has shown th a t  a c is  c a rb o x y l group is  favoured  therm o­
d yn a m ica lly  to  a tra n s  g roup . -^ 11 t h i s  evidence 
p o in ts  t o  th e  complex hav ing  a s p a t ia l  c o n f ig u ra t io n  
more n e a r ly  app ro x im a ting  to  th a t  o f th e  c is  th a n  th e  
tra n s  fo rm . I t  seems u n l ik e ly  th a t  th e re  would be 
com plete f r e e  r o ta t io n  o f th e  b u lk y  0 -  H . . . .  N 
g roup ing  around th e  C -  0 bond.
A c e tic  A c id - ^ -n ic o lin e -b e n z e n e  system
T h is  system was tre a te d  e x p e rim e n ta lly  in  
e x a c t ly  th e  same way as th e  a c e t ic  a c id -p y r id in e  system . 
The c a lc u la t io n s  o f th e  d ip o le  moment and a s s o c ia tio n  
constan t o f th e  complex formed a lso  fo llo w e d  a s im i la r  
p a t te rn .  However, th e  assignment o f  a ra rg e  o f va lues  
to  bo th  Q and Kg was somewhat more d i f f i c u l t .  1+- -  
P ic o l in e  is  a s tro n g e r base th a n  p y r id in e ,  i . e .  ^  -  
p ic o l in e  has a g re a te r  pKa th a n  p y r id in e ,  6*0 compared 
to  5*2.  B as ic  s tre n g th  in  aqueous s o lu t io n  i s  not
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n e c e s s a r ily  a good c r i t e r io n  f o r  a measure o f b a s ic
68s tre n g th  in  benzene s o lu t io n .  Socrates measured 
th e  chem ica l s h i f t s  o f th e  h y d ro x y l p ro to n  resonance 
o f a s e r ie s  o f  1 :1  phenol + base complexes in  carbon 
te t r a c h lo r id e  s o lu t io n  and found a l in e a r  c o r r e la t io n  
between t h is  measured chem ica l s h i f t  and th e  d is s o c ia ­
t io n  constan t o f th e  o rgan ic  base in  aqueous s o lu t io n .  
Hence i t  seemed reasonab le  to  assume th a t  th e re  would 
be a s tro n g e r in te r a c t io n  between a c e t ic  a c id  and -  
p ic o l in e  th a n  between a c e t ic  a c id  and p y r id in e .  Kg
was assumed to  l i e  somewhere between 15 and 30. I n
th e  same w ay,though w ith  c o n s id e ra b ly  le s s  ju s t i f i c a t io n ,  
as tj. - p ic o l in e  had a h ig h e r d ip o le  moment th a n  p y r i ­
d in e , i t  was assumed th a t  q would be g re a te r .  I t
was assigned a v a lu e  between 12 and 16.
In s p e c t io n  o f th e  r e s u lts  from  Program 2A 
in d ic a te d  th a t  Kg most p ro b a b ly  la y  between 20 and 25. 
That t h is  is  th e  case was in fe r r e d  from  th e  fa c t  th a t  
th e  d if fe re n c e s  between observed and c a lc u la te d  changes 
in  th e  d ie le c t r ic  cons tan t were sm a lle r over t h is  p a r t  
o f th e  chosen range o f Kg. Program 20 enabled th e  
w r i te r  t o  c a lc u la te  th e  va lues  o f ©C ^ which m in im ised 
th e  d if fe re n c e s  between observed and c a lc u la te d  va lu e s
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o f  £  f o r  any p a r t ic u la r  Kg. The re s u lts  a re  g iven  
in  th e  ta b le  be low .






To c a lc u la te  th e  d ip o le  moment o f th e  complex 
one needs to  know in  a d d it io n  to  «<' , th e  va lu e s  o f ^  
and ^  • I t  was im p o ss ib le  t o  de te rm ine  the se  
d i r e c t ly ,  consequently  th e  m olar r e f r a c t io n  o f  th e  
complex was assumed to  be equal to  th e  sum o f th e  
m olar r e f r a c t io n s  o f th e  c o n s t itu e n t a c id  and base.
As in  th e  case o f th e  a c e t ic  a c id -p y r id in e  complex 
^  Q was es tim a ted  fro m  a knowledge o f  th e  va lu e s  o f
f o r  a c e t ic  a c id  and 4 -B ic o l in e  as in d iv id u a l s o lu te s . 
^  Q> th e re fo re ,  was equal t o  -  0*096. oC ^ was made 
equal to  14*50 -  0*80 and th e  moment o f  th e  complex 
was c a lc u la te d  as 4 .5 4  t  o*12 D. The a s s o c ia tio n  
c o n s ta n t. Kg, f o r  th e  complex is  22 -  5 l .m o le * ^ .
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S tru c tu re  o f th e  A ce tio  A c id -4  P ic o lin e  Complex
The same c o n s id e ra tio n s  th a t  were a p p lic a b le  
t o  th e  a c e t ic  a c id -p y r id in e  system ap p ly  in  t h is  case.
The independent e x is te n ce  o f c is  and t ra n s  form s depend 
on th e re  be ing  r e s t r ic t e d  r o ta t io n  o f th e  a tte n d a n t 
groups about th e  C -  0 bond. I t  is  extrem e ly  u n l ik e ly  
th a t  th e re  is  f re e  r o ta t io n  o f such a b u lky  group as 
0 -  ÏÏ -  ^ — CE^ about th e  C -  0 a x is .  A p p ro x i­
mate c a lc u la t io n s  o f th e  moments o f th e  c is ,  tra n s  and 
f r e e  r o ta t io n  form s g iv e  va lues o f 2*37, 6*46 and 4*86 D. 
r e s p e c t iv e ly .  Again th e  exp e rim en ta l v a lu e  is  c lo s e s t 
to  th a t  f o r  th e  f r e e  r o ta t io n  fo rm . 4 -P ic o l in e  is  a 
s l i g h t l y  s tro n g e r base th a n  p y r id in e ,  consequently  one 
would expect th e re  to  be more charge d isp lacem ent on 
hydrogen bonding w ith  a c e t ic  a c id . S ca la r a d d it io n  
o f th e  moments o f  a c e t ic  a c id  and 4 -P ic o l in e  g iv e s  a 
v a lu e  o f 4*09 D . , much c lo s e r  t o  th e  exp e rim e n ta l f ig u r e  
th a n  th a t  o f th e  c is  fo rm . St e r ic  c o n s id e ra tio n s  
fa v o u r th e  c is  fo rm , or ra th e r  a form  more c lo s e ly  
app rox im a ting  to  th e  c is  th a n  th e  t ra n s  fo rm s.
In  summary, th e re fo re ,  th e  p robab le  d ip o le  
moment and a s s o c ia t io n  co n s ta n t a re  4*54 -  0*12 D. and
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2 2 - 5  l.m o le " ^  r e s p e c t iv e ly .
A c e tic  A c id -2 .6 -X u tid ^ne -B enzen e  System
Again t h is  system was tre a te d  exp e r im e n ta lly  
in  e x a c t ly  th e  same way as th e  two p re v io u s  system s.
The whole problem  o f c a lc u la t io n  o f bo th  d ip o le  moment 
and a s s o c ia t io n  con s tan t aga in  cen tred  around th e  cho ice  
o f a s u ita b le  range o f va lue s  f o r  bothcx^Q and Kg. 
2 ,6 'L u t id e n e  is  a s tro n g e r base th a n  e ith e r  p y r id in e  or 
4 -P ic o l in e .  On th e  o th e r hand th e  two m ethyl groups 
m ight be expected to  sb e r ic  a l l y  h in d e r any in te r a c t io n  
between 2 ,6 -L u tid e n e  and a c e t ic  a c id . C o n s tru c tio n  o f  
a m o le cu la r model in d ic a te d  th a t  t h i s  h ind ran ce  cou ld  be 
q u ite  seve re , consequen tly  i t  was f e l t  th a t  Kg would be 
lo w e r in  t h is  case th a n  in  e ith e r  o f th e  tw o p re v io u s  
systems. Kg was th e re fo re  a llow ed  t o  v a ry  between 1 
and 6. The cho ice  o f q was e a s ie r in  th a t  i t  was 
p o s s ib le  t o  e s tim a te  ©( q from  a knowledge o f th e  d ip o le  
moments o f th e  c o n s t itu e n t a c id  and base, of ^ was th e re ­
fo re  a llow ed  t o  v a ry  between 10*0 and 14*0 . In s p e c t io n  
o f th e  r e s u lts  from  Program 3A in d ic a te d  th a t  Kg was 
p ro b a b ly  about4 -5* The re s u lts  o f  Program 3B in  which
Kg was made equal to  4*5 are  l i s t e d  in  Tab le B*17.
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TABLE B .17 .





m olar f r a c t io i y p resen t as




0*0060 0*358 0*213 0*428
0*0119 0*310 0*318 0*371
0*0177 0*280 0*385 0*335
0*0265 0*248 0*454 0*297
0*0333 0*231 0*493 0*276
0*0641 0*183 0*597 0*219
0*0046 0*208 0*113 0*589
0*0076 0*280 0*166 0*554
0*0104 0*266 0*206 0*528
0*0275 0*216 0*356 0*427
0*0327 0*206 0*386 0*408
0*0798 0*156 0*536 0*308
0*0051 0*188 0*051 0*760
0.0120 ' 0*178 0*105 0*717
0*0169 0*171 0*138 0*690
0*0225 0*165 0*171 0*664
0*0292 0*158 0*203 0*638
0*0322 0*156 0*211 0*627
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These show th e  same gene ra l fe a tu re s  as th e  e q u iv a le n t 
r e s u lt s  from  th e  two o th e r systems. Kg was made equal 
to  4 *0 , 4*5 and 5*0 and U  q c a lc u la te d  in  each case u s in g  





I t  w i l l  be seen th a t  th e  g re a te r spread in  va lue s  o f  
cC Q was no t r e f le c te d  in  a co rre spond in g  spread in  
va lu e s  o f d ip o le  moment.
■^prox im ate  c a lc u la t io n  o f th e  d ip o le  moments 
o f  bo th  c is  and tra n s  s tru c tu re s  y ie ld e d  1*66 and 5*56 D. 
re s p e c t iv e ly .  C o n s id e ra tio n  o f a m o lecu la r model o f 
t h is  complex in d ic a te d  th a t  th e  c is  s t ru c tu re  m i ^ t  be 
favou red  due to  th e  p o s s ib i l i t y  o f a s t a b i l i s in g  in t e r ­
a c t io n  between th e  ca rb o n y l group and th e  m ethy l groups. 
Any such in te r a c t io n  must o b v io u s ly  be v e ry  weak.
F u rth e r  in s p e c tio n  o f th e  m o lecu la r model in d ic a te d  th a t  
i t  was u n l ik e ly  th a t  th e re  cou ld  be f re e  r o ta t io n  o f th e  
a tte n d a n t groups about th e  C -  0 a x is .  The observed
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d ip o le  moment, 4*45 -  0*15 D , , i s  c o n s id e ra b ly  g re a te r  
th a n  e i th e r  th e  s c a la r  sum o f th e  moments o f th e  con­
s t i t u e n t  component or th e  th e o r e t ic a l  moment o f th e  c is  
complex. T h is  suggests th a t  e ith e r  th e re  is  a considac- 
ab le  amount o f charge t r a n s fe r  or e ls e  th e  geometry o f 
th e  complex more c lose^approx im ates to  the  t ra n s  s t r u c t ­
u re  ra th e r  th a n  to  th e  s t e r ic  a l l y  favou red  c is  s tru c tu re #  
V d iils t  2 , 6 -^ u tid ^ n e  is  a s tro n g e r base in  w ater th a n  
p y r id in e ,  i t  seems im probab le  th a t  th e re  should be a 
s ig n i f ic a n t  d if fe re n c e  in  th e  amount o f charge t r a n s fe r  
as compared w ith  th e  a c id -p y r id in e  complex. I t  i s  much 
more l i k e l y  th a t  th e  complex has a s t ru c tu re  in  w hich 
th e  b u lk y  0 -  H -  Base group was n e ith e r  c is  n o r t ra n s  
to  th e  ca rb o n y l g roup . T h e o re t ic a l ly  i t  shou ld  be 
p o s s ib le  to  de term ine th e  s p a t ia l  d is t r ib u t io n  o f a l l  
th e se  groups about th e  C -  0 a x is .  I t  w i l l  be remem­
bered th a t  Jumper and Howard f e l t  th a t  as i t  was im­
p o s s ib le  to  es tim a te  th e  charges in  d ip o le  moment exper­
ienced by th e  c o n s t itu e n t m o lecu les on complex fo rm a tio n , 
and th a t  i t  was v e ry  dangerous to  attem pt to  c a lc u la te  
th e  exact geometry o f  th e  complex from  a knowledge o f 
i t s  d ip o le  moment. T h is  g e n e ra lis a t io n  is  a p p lic a b le  
to  a l l  th e  systems s tu d ie d  in  t h is  in v e s t ig a t io n ,  as th e
1 2 0 .
d ip o le  moment o f th e  complex is  v e ry  s e n s it iv e  to  th e  
r e la t iv e  d is p o s it io n  o f th e  v a r io u s  groups.
In  summary, th e re  th e  d ip o le  moment o f th e  
complex was found to  be 4*45 -  0*15 D. and th e  a s s o c i­
a t io n  co n s ta n t f o r  complex fo rm a tio n  4*5 -  0*5 l.m o le " ^ .
A c e tic  A c id -Q u ino line -B enzene  System
T h is  system was tre a te d  in  th e  same way, bo th  
e x p e r im e n ta lly  and m a th e m a tic a lly , as th e  th re e  p re v io u s  
systems. The same ba s ic  f a c ts ,  namely th e  va lu e s  o f  
th e  pKa o f th e  base, p o s s ib i l i t i e s  o f any s t e r ic  in t e r ­
a c t io n s , and d ip o le  moments o f both a c id  and base, gu ided 
th e  w r i te r  in  h is  cho ice  o f ranges o f va lue s  fo r  b o th  Kg 
and oc Q# Q u in o lin e  has a low e r pKa, 4 *9 , th a n  a l l  th e  
o th e r bases used so f a r .  I t s  d ip o le  moment, 2*19 D ., 
i s  id e n t ic a l  w ith  th a t  o f  p y r id in e .  In s p e c t io n  o f a 
m o le cu la r model in d ic a te s  no p a r t ic u la r  s te r ic  in h ib i t io n  
o f complex fo rm a tio n . On th e  fa ce  o f i t ,  th e re fo re ,  
one would expect b o th  th e  a s s o c ia tio n  co n s tan t and th e  
d ip o le  moment to  be v e ry  s im i la r  t o ,  though  p o s s ib ly  
s l i g h t l y  lo w e r th a n , th o se  o f th e  a c e t ic  a c id -p y r id in e  
o o n ^ le x . In s p e c t io n  o f th e  r e s u lts  from  Program 4A 
in  which Kg was a llow ed  to  v a ry  between 5*0 and 10*0
1 2 1 ,
in d ic a te d  th a t  e ith e r  Kg c is  c o n s id e ra b ly  h ig h e r
th a n  one m ight a n t ic ip a te .  Kg was th e re fo re  a llow ed
to  v a ry  between 15 and 25. The r e s u lts  from  t h is
second ru n  o f Program 4A in d ic a te d  th a t  Kg p ro b a b ly  had 
a va lu e  o f about 20. Tab le  B .18 . co n s ta in s  th e  r e s u lts  
o f  a ru n  o f Program 4B in  w hich Kg was made equal to  20.
Kg was s u c c e s s iv e ly  made equal t o  18*0 , 20*0 
and 22*0 and Program 40 used to  c a lc u la te  y  q in  each 
in s ta n c e .
TABLE B .19 .




The d ip o le  moments were c a lc u la te d  from  of ^ in  th e  u su a l
way.
I t  w i l l  be n o tic e d  th a t  th e  va lu e  o f th e  d ip o le  
moment o f  th e  complex 4*25 -  0*02 D. is  c o n s id e ra b ly  h ig h e r 
th a n  th e  d ip o le  moment o f th e  a c e t ic  a c id -p y r id in e  complex, 
3*73 "  0 .12 D. The pKa o f Q u in o lin e , 4 *9 , i s  low e r than  
th a t  o f  p y r id in e ,  5 *2 , bu t o b v io u s ly  th e re  is  a s tro n g e r 
in te r a c t io n  between a c e tic  a c id  and q u in o lin e  th a n  between
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TABLE B .18.
ACETIC ACXD-QUIHOLIHE-BEHZEHE. K, 20.0
m olar f r a c t io n  o f A p resen t as




0*0046 0*102 0*013 0*885
0*0076 0*100 0*021 0*879
0*0120 0*099 0*033 0*868
0*0141 0*0986 0*038 0*863
0*0179 0*098 0*047 0*855
0*0267 0*096 0*068 0*837
0*0051 0*084 0*012 0*906
0*0094 0*084 0*019 0*898
0*0116 0*084 0*022 0*894
0*0135 0*083 0*025 0*891
0*0195 0*080 0*057 0*862
0*0061 0*074 0*098 0*918
0*0100 0*073 0*014 0*913
0*0124 0*073 0*018 0*910
0*0152 0*072 0*022 0*906
0*0199 0*072 0*028 0*900
0*0297 0*071 0*041 0*888
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a c e t ic  ac id  and p y r id in e .  Approxim ate c a lc u la t io n s  
o f th e  moments o f  th e  c is  and tra n s  forms o f th e  complex 
y ie ld e d  2*06 and 6*09 re s p e c t iv e ly .  % e  moment o f 
th e  complex in  which th e re  is  f re e  r o ta t io n  about th e  
0 - 0  bond is  4*54 D. In  t h is  case, as w ith  th e  
o th e r ac id -b a se  complexes, th e  c o r r e la t io n  between 
th e  e x p e r im e n ta lly  observed moment and th e  th e o r e t ic a l  
moment o f  th e  s t ru c tu re  assuming f r e e  r o ta t io n  is  p ro ­
b a b ly  f o r t u i to u s .  In s p e c t io n  o f a m o lecu la r model o f 
th e  complex co n firm s  t h is .
I f  th e  d ip o le  moment o f a complex is  g re a te r 
th a n  th e  v e c to r  sum o f th e  c o n s t itu e n t m olecu les th e n  
th e  a s s o c ia t io n  process is  cons ide red  to  have been 
accompanied by charge m ig ra t io n .  There is  a co n s id e r­
ab le  d if fe re n c e  between th e  measured moment and th e  
c a lc u la te d  moment o f  th e  c is  complex. There is  a ls o  
a c o n s id e ra b le  d if fe re n c e  between th e  measured moment 
and th e  s c a la r  sum o f  th e  moments o f th e  c o n s t itu e n t 
m o le cu le s . Both th e se  o b se rva tio n s  to g e th e r  w i th  th e  
la rg e r  th a n  expected a s s o c ia tio n  con s tan t e ith e r  p o in t  
t o  th e re  be ing  some s ig n i f ic a n t  amount o f  charge m ig ra ­
t io n  or e lse  to  th e re  be ing  a d i f f e r e n t  ty p e  o f in t e r -
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a c t io n  to  th a t  observed in  th e  th re e  p re v io u s  systems. 
A l te r n a t iv e ly ,  one can p o s tu la te  th e  ex is te nce  in  
s o lu t io n  o f a d i f f e r e n t  m o le cu la r sp e c ie s , e .g . a 2 :1  
a c id :b a se  complex. A ga in , as th e re  is  a co n s id e ra b le  
excess o f base p re s e n t, t h is  is  u n l ik e ly .  The r e la ­
t i v e l y  h ig h  v a lu e  o f Eg rem ains somewhat o f a m ys te ry .
In  summary, th e  d ip o le  moment was found  to  be 
4.25 -  0*02 D. and th e  a s s o c ia t io n  constan t 2 0 - 2  l.m o le " ^ .
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C. MJCLBAB MAGNETIC RESQUAUCE STUDIES
( l )  In t ro d u c t io n  and P rev ious  Work
The use o f N uclear M agnetic Resonance (n .m .r . )  
in  t h is  in v e s t ig a t io n  has been made p o s s ib le  th ro u g h  th e  
k in d  o f f ic e s  o f D r. A.G. D avies o f  U n iv e rs ity  C o lle g e , 
London.
The p o s s ib i l i t y  o f a p p ly in g  n .m .r .  measurements 
to  s tu d ie s  o f  hydrogen bonding became apparent fo l lo w in g  
th e  o b s e rv a tio n  o f A rno ld  and Packard th a t  th e  chemi­
c a l s h i f t  o f  th e  p ro to n  s ig n a l o f th e  e th an o l -  OH group
was tem pera tu re  dependent. An in te r p r e ta t io n  o f  t h is
70was p u t fo rw a rd  by L id d e l and Ramsay. The e x is te n ce
o f a tem pera tu re  dependence o f th e  resonance s ig n a l can 
be understood i f  th e re  are a l te r n a t iv e  m o lecu la r s ta te s  
where energy s e p a ra tio n  is  o f th e  o rde r o f  kT. Since 
e th a n o l form s hydrogen bonds in v o lv in g  th e  hydrogen in  
th e  -  OH group , t h is  hydrogen should  experience a d i f f e r ­
ent m agnetic s h ie ld in g  in  th e  a sso c ia te d  and unassoc ia ted  
s ta te s .  I f  th e  c o r re la t io n  t im e  r e la t in g  t o  th e  l i f e ­
tim e s  o f th e  two s ta te s  is  s u f f ic ie n t ly  sm a ll ( le s s  th a n
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a m il lis e c o n d )  th e  hydrogen resonance w i l l  he observed 
a t th e  frequency correspond ing  to  th e  average s h ie ld in g  
f o r  th e  two s ta te s .  S ince changes in  tem pera tu re  w i l l  
a l t e r  th e  p o p u la tio n s  o f th e  a sso c ia te d  and unassoc ia ted  
s ta te s , th e  resonance frequency  w i l l  be tem pera tu re  de­
pendent. S o lven t d i lu t io n ,  as i t  a ls o  causes d is s o c i­
a t io n  o f th e  hydrogen bonds, w i l l  have an e f fe c t  equ iva­
le n t  to  th a t  o f  r a is in g  th e  te m p e ra tu re . Such tem pera­
t u r e -  and d ilu tio n -d e p e n d e n t s ig n a ls  are q u ite  g e ne ra l 
f o r  hydrogen-bonded systems. In  a p p ly in g  n .m .r .  to  
in v e s t ig a t io n s  o f m o le cu la r in te r a c t io n  one is  in te re s te d  
in  th e  chem ica l s h i f t  o f th e  p ro to n  in  both th e  a s s o c i­
a ted and unassoc ia ted  s ta te s .  The d if fe re n c e  between 
the se  two s h i f t s  may be termedjbhe hydrogen bond s h i f t .
S tud ies  o f th e  hydrogen bonding o f  c a rb o x y lic  a c ids  
and ge n e ra l ac id -base  complexes u s in g  n .m .r .  are s t i l l  
few  in  number. The f i r s t  s tu d y  o f th e  hydrogen bond­
in g  o f a c e t ic  ac id  was made by H uggins, P im e n ta i and 
71S hoo le ry . These au tho rs  measured th e  hydrogen bond
s h i f t  f o r  phe n o l, s e v e ra l s u b s t itu te d  phenols and a c e tic  
a c id  in  carbon te t r a c h lo r id e  s o lu t io n  and a lso  fo r  a c e t ic  
a c id  in  acetone s o lu t io n .  The p ro to n  resonance behaviour 
co u ld  be c o r re la te d  w ith  th e  known hydrogen bonding p ro -
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p e r t ie s  o f th e se  compounds. U n fo r tu n a te ly  in  th e  case 
o f a c e t ic  a c id  in  carbon te t r a c h lo r id e  s o lu t io n  th e  l i m i t  
o f d e te c ta b i l i t y  o f th e  p ro to n  resonance is  a t a concen­
t r a t io n  a t w h ich dim er is  th e  predom inant spec ies . In  
acetone s o lu t io n ,  however, th e  c o m p e tit io n  o f th e  s o lv e n t 
as a hydrogen bonding base causes d is s o c ia t io n  o f th e  
a c e t ic  a c id  dim ers a t a h ig h e r c o n c e n tra t io n . These
systems can be tre a te d  m a th e m a tica lly  as fo l lo w s .  The 
observed chem ica l s h i f t ,  S , i s  assumed t o  be th e  w e igh ted  
mean o f ^  ^  and & jq, th e  assumed c h a ra c te r is t ic  va lue s  o f 
th e  chem ica l s h i f t s  in  pure monomer and d im er. I f
th e re  is  o n ly  monomer and dim er p re se n t in  s o lu t io n  th e n ,
s .
( l )  . . . .  ^  D Gr e A.
o r th e  ’ hydrogen bond s h i f t ’ , m -  number o f moles o f 
monomer, x  = t o t a l  number o f moles o f  s o lu te .
I f  th e  e q u il ib r iu m  co n s ta n t, K, (monomer d im er) i s  
d e fin e d  in  mole f r a c t io n  te rm s, th e n .
^  (z  -  m )(2s + % + m)
4  i ? --------------------
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where are th e  mole f r a c t io n s  o f d im er and monomer
re s p e c t iv e ly ,  and s = number o f moles o f so lve n t p re s e n t.
I n  th e  l i m i t  as X approaches ze ro , & ^
z . o  ■
The au tho rs  m a in ta ine d  th a t  i f  a pb t o f S ve rsu s  X 
is  e x tra p o la te d  to  ze ro  c o n c e n tra tio n , th e  v a lu e  o f 
so o b ta in e d  should be equa l t o  & T h is  s o rt o f
e x tra p o la t io n  was, how ever, p a r t ic u la r ly  dangerous as 
th e  low er l i m i t  o f  X a t which e xp e rim en ta l o b se rva tion s  
were made was X .  0*01 . There is ,  o f cou rse , no hard  
and fa s t  r u le  as to  th e  l im i t in g  low est va lu e  o f X above 
w h ich i t  is  dangerous to  e x tra p o la te  da ta  to  zero concen­
t r a t io n s .  In  th e  p a r t ic u la r  case d iscussed by th e  
71a u th o rs , th e  d im é r is a t io n  o f  phenol in  carbon t e t r a ­
c h lo r id e ,  th e  necessary c o n d it io n s  w hich should be s a t is ­
f ie d  b e fo re  such an e x tra p o la t io n  is  a ttem pted , were 
p ro b a b ly  s a t is f ie d .  That is  to  say th a t  th e  s o lu t io n s  
were s u f f ic ie n t ly  d i lu t e  t o  ensure th e  presence o f o n ly  
monomer and d im e r. T h is  was p ro b a b ly  not th e  case 
w ith  a c e t ic  a c id  in  carbon te t r a c h lo r id e  s o lu t io n .  The 
f i r s t  sys te m a tic  s tudy o f  hydrogen bonding in  a c e tic  ac id
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72u s in g  n .m .r .  was c a r r ie d  out by Reeves and Schneider 
who measured th e  p o s it io n  o f th e  -  OH p ro to n  resonance 
a t v a r io u s  d i lu t io n s  in  s e v e ra l n o n - in te ra c t in g  s o lv e n ts  
o f  w id e ly  d i f f e r in g  d ie le c t r ic  c o n s ta n ts . They n o tic e d  
th a t  in  benzene c o n tra ry  to  th e  behaviour o f o th e r 
hydrogen bonded l iq u id s  th e  p ro to n  resonance o f th e  -  OH 
group moves f i r s t  to  low  f i e l d  and f i n a l l y  in  ve ry  d i lu te  
s o lu t io n s  moves to  h ig h  f i e l d  r e la t iv e  to  i t s  p o s it io n  
f o r  pu re  a c e t ic  a c id . T h is  behav iour u n d e r lin e s  th e  
dangers in h e re n t in  e x tra p o la t io n  o f hydrogen bond s h i f t s  
t o  i n f i n i t e  d i lu t io n .  These unusua l d i lu t io n  s h i f t s  
are  c o n s is te n t w ith  th e  presence in  co n cen tra ted  s o lu ­
t io n s  o f po lym ers, th e  in d iv id u a l hydrogen bonds o f  
which are on th e  average weaker th a n  tho se  o f th e  d im e r. 
These b reak up on d i lu t io n  to  fo rm  th e  d im e r. In  
ex tre m e ly  d i lu t e  s o lu t io n  or in  s o lv e n ts  o f h ig h  d i ­
e le c t r ic  co n s tan t d is s o c ia t io n  o f th e  dim er o ccu rs .
The d ie le c t r ic  p ro p e r t ie s  o f a c e t ic  ac id  s o lu t io n s  are 
c o n s is te n t w ith  polym er fo rm a tio n  in  con cen tra ted  s o lu ­
t io n  and pu re  a c e tic  a c id .
73D avis  and P itz e r  ^ s tu d ie d  th e  n .m .r .  sp e c tra  
o f se ve ra l c a rb o x y lic  a c id s  in  benzene s o lu t io n  in  an 
a ttem p t to  o b ta in  more s p e c if ic  in fo rm a tio n  about th e
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e q u i l ib r ia  in v o lv e d  and th e  n a tu re  o f th e  monomeric and
p o lym e ric  sp e c ie s . They s ta r te d  from  th e  prem ise th a t
th e  c a rb o x y lic  ac ids  u s u a lly  a sso c ia te d  to  fon rl^  c y c l ic
dim er in  s o lu t io n  s im i la r  t o  th a t  observed in  th ^ a p o u r
phase. In  d i lu te  s o lu t io n  th e  m onom er-cyc lic  d im er
e q u il ib r iu m  is  th e  most im p o rta n t. I t  had been shown 
71p re v io u s ly  th a t  such a system cou ld  be s tu d ie d  advan­
ta g e o u s ly  u s in g  n .m . r . ,  and fu r th e r  th a t  th e  observed 
s h i f t  o f th e  h y d ro x y l p ro to n  was g iv e n  by the  exp ress ion ,
. m X -  m ^
and th a t  a t i n f i n i t e  d i lu t io n  th e  s lope  o f th e  p lo t  o f 
& ve rsus  mole f r a c t io n ,  %, is  g iv e n  by .
X 0 ®
where th e  symbols i  »  ^ ^  D' ^  and A j) have
th e  same meaning as p re v io u s ly .  U sing v a lu e s  o f K 
de term ined in d e p e n d e n tly , ^ ^  and [  were d e te r­
mined a t v a r io u s  tem p era tu res . The au tho rs  recogn ised  
th a t  due t o  th e  r e la t i v e ly  h ig h  a s s o c ia t io n  co n s ta n ts  o f 
c a rb o x y lic  ac ids  in  benzene s o lu t io n  i t  was im p o ss ib le  
to  o b ta in  measurements o f ^  a t s u f f i c ie n t ly  low  concen­
t r a t io n s  t o  be ab le  to  e x tra p o la te  th e  d a ta  t o  i n f i n i t e
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d i lu t io n .  I t  i s  th u s  im p o ss ib le  to  o b ta in  an accu ra te  
v a lu e  o f E from  n .m .r .  measurements a lone .
However P a rm ig ia n i, P e r o t t i  and R ig a n t i re ­
p o rte d  a d e te rm in a tio n  o f th e  d is s o c ia t io n  con s tan t o f  
a c e t ic  a c id  d im ers in  carbon te t r a c h lo r id e  s o lu t io n  u s in g  
n .m .r .  measurements. The v a l i d i t y  o f  t h i s  r e s u lt  
(E d isgn  "  1*01 X 10^ l.m o le "^ )  must be d o u b t fu l.  At 
th e  lo w e s t c o n c e n tra tio n s  on w h ich  measurements were 
made, mole f r a c t io n  a c id  ^  0*001, th e  a c e tic  a c id  must 
la r g e ly  be s t i l l  in  th e  d im e ric  fo rm , as carbon t e t r a ­
c h lo r id e  w i l l  n o t promote th e  d is s o c ia t io n  o f  ac id  dim ers 
t o  a n y th in g  l i k e  th e  same ex te n t as benzene. The 
au tho rs  had to  e x tra p o la te  to  zero c o n c e n tra t io n  a 
p lo t  o f average chem ica l s h i f t  a g a in s t t o t a l  concen tra ­
t io n  o f a c id . The dangers o f  t h is  p rocedure cannot 
be overemphasised as in  t h is  s i tu a t io n  th e  p h y s ic a l p ro ­
p e r ty ,  chem ica l s h i f t ,  is  p a r t ic u la r ly  s e n s it iv e  to  th e  
change in  c o n c e n tra tio n  and tra c e s  o f m o is tu re , and 
th e re  is  no guaran tee  th a t  th e re  is  a re g u la r  l in e a r
re la t io n s h ip  between th e  tw o . More re c e n t ly  M u lle r  
7 5and Rose p u b lish e d  a paper d e a lin g  w ith  th e  n .m .r .  
d i lu t io n  s h i f t s  o f  a c e t ic  a c id  in  a c e t ic  anhyd ride , 
acetone and 1 ,4  d ioxane . They p o in te d  out th a t  th e
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in c o n s is te n t p a t te rn  o f r e s u lts  ob ta in ed  by p re v io u s  
in v e s t ig a to rs  cou ld  be e xp la in e d  by th e  sug ge s tion  
th a t  th e  so lv e n ts  employed were no t r ig o ro u s ly  d r ie d .
They went on to  show th a t  f o r  s o lu t io n s  o f a c e tic  a c id  
in  these  s o lv e n ts  th e  d i lu t io n  cu rve  is  n e a r ly  l in e a r  
downto f a i r l y  low  co n ce n tra tio n s  (mole f r a c t io n  s o lu te  
0-01 and consequently  cou ld  r e a d i ly  be e x tra p o la te d
to  i n f i n i t e  d i lu t io n .  The au tho rs  d id  not e s ta b lis h  
q u a n t i ta t iv e ly  how much w ate r s t i l l  remained in  t h e i r  
samples bu t th e re  can be l i t t l e  doubt th a t  every p re ­
c a u tio n  was in  fa c t  ta ke n  to  exclude m o is tu re  from  them .
Any comparison o f r e s u lts  ob ta in ed  f o r  a c e t ic  a c id  in  
donor s o lv e n ts  such as acetone w ith  r e s u lts  ob ta ined  
in  a p ro t ic  s o lv e n ts  such as carbon te t r a c h lo r id e  is  
dangerous, as in  th e  fo rm e r one has to  contend w ith  th e  
added c o m p lic a tio n  of s o lv e n t-s o lu te  in te r a c t io n s .
C o n ti and P rancon i re p o rte d  th a t  down to  
th e  v e ry  lo w e s t a c id  c o n c e n tra tio n s  th e  predom inant 
e q u ilib r iu m  in  s o lu t io n s  o f c a rb o x y lic  ac ids  in  a p ro t ic  
s o lv e n ts  is  th a t  between open c h a in  dim er and c y c l ic
7 6d im ers. E x a c tly  what th e  au tho rs  mean^s by open 
ch a in  dim er is  obscure . I t  is  ex tre m e ly  l i k e l y  th a t  
th e  c r u c ia l  e f fe c t  o f d i lu t io n  o f a c a rb o x y lic  a c id  is  
th e  rep lacem ent o f a cha in  polym er by a d is c re te  r in g  d im er.
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77 78U sing n .m .r .  B e rke le y  and Hanna ’ have 
s tu d ie d  th e  complexes formed between c h lo ro fo rm  and 
s e v e ra l n itro g e n o u s  bases. The au tho rs  were in te r e s t ­
ed in  th e  d i lu t io n  s h i f t s  o f p ro to n  donors in  v a r io u s  
accep to rs  or bases. They f e l t  t h a t  a d is t in c t io n  
should be drawn between an observed d i lu t io n  s h i f t  and 
a q u a n t ity  which can be c a lc u la te d  from  t h is ,  th e  
hydrogen bond s h i f t  o f  pure  1 :1  complex, A . T h is
q u a n t ity ,  A  is  equa l t o  th e  d if fe re n c e  between A.
^ h e  s h i f t  in  pure  donor. T h is  nom enclature i s ,  o f
cou rse , o n ly  re le v a n t to  b in a ry  systems w ith  the  a cce p t-
77 78ors th e  second component. The a u tho rs  ’ ' have shown 
th a t  a t i n f i n i t e  d i lu t io n  o f th e  p ro to n  donor in  an 
accep to r s o lv e n t,  th e  l im i t in g  s lope  and th e  in te rc e p t  
( l im i t i n g  s h i f t )  o f a p lo t  o f  donor c o n c e n tra tio n  versus 
s h i f t  o f th e  donated p ro to n  is  s u f f ic ie n t  to  de term ine 
th e  e q u il ib r iu m  con s tan t f o r  hydrogen bond fo rm a tio n .
T h is  method aga in  depends on be ing ab le  to  e x tra p o la te  
w ith  s u f f ic ie n t  c e r ta in ty  to  i n f i n i t e  d i lu t io n .
The p ro to n  resonance s h i f t  accompanying hydrogen 
bond fo rm a tio n  is  n o rm a lly  tow ards low e r f i e l d .  Th is  
im p lie s  a s h i f t  tow ards th e  resonance o f a ”ba|fe p ro to n " 
and cou ld  be in te rp re te d  as a lo w e rin g  in  th e  e le c tro n
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d e n s ity  around th e  p ro to n . T h is  does no t seem v e ry  
se n s ib le  and in  fa c t  a co n v in c in g  argument to  the  con­
t r a r y  can be fram ed. That an in c rea se  in  e le c tro n
d e n s ity  goes hand in  hand w ith  a decrease in  m agnetic 
s h ie ld in g  means th a t  th e  dependence o f m agnetic s h ie ld ­
in g  on th e  e le c tro n  d is t r ib u t io n  is  v e ry  d i f f e r e n t  from
th e  dependence o f th e  energy on t h is  d is t r ib u t io n .
7QP op le , B e rn s te in  and Schneider ^ ta k e  as a s ta r t in g  
prem ise th e  e le c t r o s ta t ic  model o f th e  hydrogen bond. 
Thechem ical s h i f t  o f th e  p ro to n  in  an is o la te d  AS mole­
c u le  is  de term ined by th e  in tra m o le c u la r  e le c t ro n ic  
c i r c u la t io n s .  There are two p ro ba b le  causes o f  th e  
hydrogen bond s h i f t .  P i r s t l y ,  th e  p ro to n  in  AH w i l l
experience  a m agnetic f i e l d  due d i r e c t ly  to  th e  c u rre n ts  
induced in  th e  acce p to r m olecu le B and i f  t h is  has a non 
zero average over a l l  d i r e c t io n s ,  th e re  w i l l  be a ne t 
c o n t r ib u t io n  to  th e  p ro to n  chem ica l s h i f t .  Secondly, 
th e  presence o f B w i l l  d is tu rb  th e  e le c t ro n ic  s tru c tu re  
o f th e  A -  H bond and consequen tly  m od ify  i t s  magnetic 
s u s c e p t ib i l i t y .  Both the se  tw o e f fe c ts  would be ex­
pected  to  le a d  to  a re d u c t io n  in  sc ree n ing .
The s i t u a t io n  where a p o la r  m o le c u l6  appears 
t o  hydrogen bond to  an a rom atic  s o lv e n t m olecu le  is  o f  
some in te r e s t .  Reeves and Schneider 80 Schneider 7
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have dem onstrated d ire c te d  m o lecu la r in te r a c t io n  between 
p o la r  s o lu te  m olecu les and benzene s o lv e n ts  m olecu les 
u s in g  th e  n .m .r .  te ch n iq u e . The IT -e le c t ro n  system 
in  benzene re p re se n ts  a r e la t i v e ly  exposed re g io n  o f 
e le c tro n ic  charge on each s id e  o f th e  p la n e  o f th e  a ro ­
m a tic  r in g  and consequently  i f  a second m o lecu la r species 
in te r a c ts  w ith  benzene, t h is  in te r a c t io n  w i l l  p r im a r i ly  
be th ro ug h  th e  i f  -e le c tro n s  and in  th e  re s u lt in g  complex 
th e  in te r a c t in g  m olecu les w i l l  have a p re fe r re d  m utua l 
o r ie n ta t io n *  T h is  r e s u lts  in  th e  p ro to n  resonance o f 
th e  s o lu te  s h i f t in g  to  h ig h e r a p p lie d  f i e l d .  Schneider ^ 
in te rp re te d  th e  in te r a c t io n  between p o la r  a lk y l - x  and 
v in y l - x  s o lu te s  and benzene as a d ip o le - in d u c e d  d ip o le  
in te r a c t io n ,  th e  m agn itude o f which appeared t o  depend 
on th e  magnitude o f th e  m o lecu la r d ip o le  moment o f  th e  
s o lu te  as w e ll as on i t s  m o lecu la r volum e. An example 
o f t h is  ty p e  o f behaviour i s  p ro v id e d  by a s tu d y  o f th e  
p ro to n  resonance o f d i lu te  s o lu t io n s  o f  ch lo ro fo rm  in  
benzene. I f  ch lo ro fo rm  is  d is s o lv e d  in  cyclohexane 
th e re  a re  no s p e c if ic  in te ra c t io n s  w ith  th e  so lve n t 
o th e r th a n  weak Van der Waals fo rc e s  and d ip o le  in t e r ­
a c t io n s . Cyclohexane can be regarded as e f fe c t iv e ly  
an in e r t  medium and a c c o rd in g ly  th e  p ro to n  resonance
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frequency o f ch lo ro fo rm  in  cyclohexane can be accorded 
th e  va lu e  ze ro . In  benzene, however, th e  p ro to n  o f 
th e  ch lo ro fo rm  m olecu le  becomes d ire c te d  n o rm a lly  to  
th e  m o lecu la r p la n e  o f th e  so lve n t m olecu le  and because 
o f th e  s o -c a lle d  ’ r in g  c u r r e n t ’ e f fe c t ,  i t s  resonance 
is  s h if te d  to  h ig h e r f i e l d .  I f  th e  ’ r in g  c u r re n t ’ 
e f fe c t  were absent one would have expected t h is  hydrogen 
bonding in te r a c t io n  to  r e s u l t  in  a sm a ll s h i f t  o f  th e  
ch lo ro fo rm  resonance t o  low er f i e l d .  In  a rom atic  
m olecu les th e re  are in te ra to m ic  c u rre n ts  w h ich  f lo w  
around c losed  con juga ted  lo o p s . The secondary m agnetic 
f i e l d ,  H^, due to  these  c u rre n ts  i s  in  th e  o p p o s ite  d i r ­
e c t io n  to  th e  p rim a ry  a p p lie d  f ie ld  H^, consequently  a 
p ro to ^  s itu a te d  above or below  th e  p la n e  o f th e  r in g  
w i l l  reso na te  a t a h ig h e r a p p lie d  f i e l d .
<1
\
A d d it io n  o f more s o lv e n t b r in g s  more s o lu te  
m olecu les in to  c lo se  c o n ta c t w ith  benzene m olecu les 
caus ing  an inc reased  s h i f t  o f th e  resonance s ig n a l to  
h ig h e r f i e l d .  T h is  e f fe c t  forms p a r t  o f th e  pheno-
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menon known as th e  r in g  c u rre n t e f fe c t .
81R e ce n tly  Musher has c la im ed th a t  th e  lo c a l 
d iam agnetic  a n is o tro p y  accounts f o r  a n is o tro p ic  m agnetic 
s u s c e p t ib i l i t y  and fo r  p ro to n  chem ica l s h i f t s  bo th  in  
benzene and in  cyclohexane and th a t  r in g  c u rre n ts  a re  
a f i c t i o n .  There is  no doubt th a t  Musher*s model g ive s  
a good e m p ir ic a l c o r r e la t io n  between s t ru c tu re  and d ia ­
m agnetic a n is o tro p y  in  p o ly n u c le a r benzenoid a rom atic  
compounds. I t  would seen unw ise , however, to  d is c a rd  
th e  r in g  c u rre n t model as i t  co n tin u e s  to  p ro v id e  th e  
o n ly  s a t is fa c to r y  e x p la n a tio n  o f th e  la rg e  d iam agnetic  
s h i f t  o f p ro to n s  im m ed ia te ly  above an a rom atic  r in g .
There appear to  be no recorded  measuremenbs on
th e  complexes form ed between o rgan ic  ac id s  and h e te ro -
82c y c l ic  bases in  benzene s o lu t io n .  Toyoda and co­
w orkers made n .m .r .  s tu d ie s  o f m ix tu re s  o f a c e t ic  a c id , 
phenol and w ater w ith  p y r id in e .  The a c e t ic  a c id -  
p y r id in e  b in a ry  m ix tu re  is  o f some in te r e s t .  The 
au tho rs  found th a t  th e  low est resonance f i e l d  o f  th e  
-  OH p ro to n  occurred  a t a co m p o s itio n  o f  50 mole pe r 
cen t o f p y r id in e  and th a t  th e  s e p a ra tio n  between o rth o  
and pa ra  p ro to n s  decreased as th e  c o n c e n tra t io n  o f  p y r i ­
d in e  decreased. T h is ,  th e  au tho rs  suggest, i s  evidence
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f o r  th e  e x is te n ce  o f a double minimum p o te n t ia l  f o r  th e  
p ro to n  o f th e  fo l lo w in g  ty p e .
<S> &  /  \
-  H . . . .  0 ^  \^O ^H  . . .  H -  0 ^
C -  CH, , G -  CH.
/ /   ^ / /  ■
0 0
T h is  assum ption is  no t c o n s is te n t w ith  th e  e v i­
dence from  In fra -R e d  Spectroscopy* Barrow measured 
th e  e q u ilib r iu m  co n s ta n ts  fo r  th e  re a c t io n  o f  p y r id in e  and 
a c e tic  a c id  in  carbon te t r a c h lo r id e  and c h lo ro fo rm  and 
found them to  be 200 l.c m .* ”^ and 70 l.c m .* ’^  re s p e c t iv e ly .  
The a u th o r f e l t  th a t  th e  I .R .  S pectra  o f th e se  systems 
were c o n s is te n t w ith  th e  re a c t io n  p ro duc t be ing  a s im p le  
hydrogen bonded complex in  which th e  p ro to n  rem ains 
c o v a le n t ly  bonded to  th e  a c id  w h i ls t  th e  base i s  a s s o c i­
a ted  to  th e  a c id ic  hydrogen th ro u g h  an e s s e n t ia l ly  e le c t ro ­
s t a t ic  a t t r a c t io n .  There is  no doubt th a t  th e  s o lv e n t
used a f fe c ts  th e  degree o f a s s o c ia t io n  bu t whether i t  
a f fe c ts  th e  n a tu re  o f p ro du c t formed is  more d o u b t fu l.
T h is  m a tte r w i l l  be ta k e n  up la t e r .
8 3B rdge l re p o rte d  th e  n .m .r .  sp e c tra  o f 154
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p y r id in e  d e r iv a t iv e s .  The w r i te r  has used t h is  source 
f o r  d e ta i ls  o f  th e  a c tu a l p ro to n  m agnetic resonance 
s p e c tra  o f 4 -P ic o l in e ,  2 ,6 -L u tid e n e  and p y r id in e  i t s e l f .  
Schaefer re p o rte d  th e  n .m .r .  s p e c tra  o f Q u in o lin e .
( 2) E xpe rim en ta l Work and D iscu ss io n
(a ) A c e tic  Acid-Benzene and A c e tic  Ac id -C yc lohexane
Syst ems
The n .m .r .  s p e c tra  o f  a s e r ie s  o f  s o lu t io n s  o f 
a c e t ic  a c id  in  benzene and cyclohexane have been measured. 
The n .m .r .  spectrum  o f a c e t ic  a c id  c o n s is ts  o f one peak 
due t o  th e  h y d ro x y l p ro to n  and a second peak due to  th e  
p ro ton s  o f th e  m ethy l g roup . There is  no s p in -s p in  
c o u p lin g  between the se  p ro to n s . The s e p a ra tio n  o f  th e  
-  OH and -  CH  ^ p ro to n s  in  pu re  a c e t ic  a c id  is  593 -  3 c /s .  
Throughout t h is  in v e s t ig a t io n  th e  -CH^ resonance peak has 
been used as an in te r n a l  re fe re n c e .
A l l  th e  n .m .r .  s p e c tra  were measured on a P e rk in  
Elmer H .IO  60 Mc/s S pectrom eter. The s o lu t io n s  were a l l  
made up by w e ig h t and care was take n  t o  avo id  undue exposure 
t o  th e  atmosphere. In  bo th  o f  th e se  cases repeated 
measurements were made on both  pure a c id  and s e v e ra l
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s o lu t io n s  o f th a t  ac id  in  th e  p a r t ic u la r  s o lv e n t.  The 
r e s u lts  g iv e n  in  Tab le 0 .1 .  re p re se n t in  th e  case o f pure  
a c id  a mean v a lu e  o f s e v e ra l separa te  d e te rm in a tio n s  and 
in  th e  case o f th e  s o lu t io n s  are com posite o f  se ve ra l 
separa te  ru n s .
The a c e t ic  acid-benzene system w i l l  be cons ide red  
f i r s t .  In s p e c t io n  o f th e  r e s u lts  re v e a ls  th a t th e re  is  
a maximum s e p a ra tio n  o f th e  -  OH and -  CH^ p ro to n s  a t a 
mole f r a c t io n  o f a c id  o f about 0*08 . T h is  s e p a ra tio n ,
A  9 decreases ra p id ly  w ith  decrease in  c o n c e n tra tio n  
below th a t  p o in t .  T h is  is  in  sharp c o n tra s t to  th e  
r e la t iv e  in s e n s i t i v i t y  o f vA  to  c o n c e n tra tio n  a t con­
c e n tra t io n  g re a te r tha n  mole f r a c t io n  a c id  about 0 *1 .
T h is  ty p e  o f  behaviour is  s im i la r  to  th a t  re p o rte d  p re -  
73v io u s ly  and should be c o n tra s te d  w ith  th a t  d is p la y e d  
by a c e tic  a c id  in  cyclohexane s o lu t io n  (T a b le  0 , 2 . ) .
I n  t h is  in s ta n c e , th e  ra p id  decrease in  A  on 
d i lu t io n  o f s o lu t io n s  o f low  c o n c e n tra t io n  does not take  
p la c e . T h is  is  in d ic a t iv e  o f th e  fa c t  t h a t  cyclohexane 
is  a much poo re r d is a s s o c ia t in g  s o lv e n t th a n  benzene.
The reasons f o r  t h i s  are tw o fo ld .  E i r s t l y ,  c y c lo ­
hexane has a s l i g h t l y  low er d ie le c t r ic  con s tan t than  
benzene and second ly , and perhaps more s ig n i f ic a n t ly ,
TABLE C . l . TABLE C .2.
ACETIC ACLD-BEI^ZENE ACETIC ACID-CYCLOHEXATE
M ole f r a c t io n A -(c /s )  - Mole f r a c t io n A  (c /s )
a c id  (x ^ ) 3 c /s a c id  (x ^ ) 3 c /s
0*0145 577 0*0052 618
0*0194 593 0*0063 619
0*0216 601 0*0071 620
0*0314 618 0.0076 622
0*0568 648 0*0099 624
0*0751 658 0*0115 625
0*0825 662 0*0134 626
0*1041 657 0*0145 629
0*1223 653 0.0172 631
0*2469 636 0*0198 632
0*3421 632 0.0239 634
0*4017 624 0*0316 634
0*5016 620 0*0439 634
0*6287 618 0*0654 635
0*7413 614 0*0807 634
0*8125 613 0*1190 630
0*9146 607 0*1468 628
0*9621 602 0*3686 624
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th e re  is  p ro b a b ly  a s p e c if ic  in te r a c t io n  between th e  
p o la r  a c e t ic  a c id  and th e  benzene s o lv e n t m o lecu le .
T h is  ty p e  o f in te r a c t io n  was f i r s t  observed by Beeves 
and Schneider who noted th a t  the  chem ica l s h i f t  be­
tween th e  p ro to n  in  c h lo ro fo rm  and an e x te rn a l re fe re n c e  
was sm a lle r in  benzene tha n  in  cyc lohexane. T h is  h i ^ i  
f i e l d  s h i f t  was exp la in ed  by assuming a m o lecu la r complex 
to  be formed between ch lo ro fo rm  and benzene in  w h ich  th e  
m o le cu la r a x is  o f symmetry o f th e  c h lo ro fo rm  m olecu le is
p a r a l le l  w ith  th e  s ix - f o ld  symmetry a x is  o f  th e  s o lv e n t
80m olecu le . The a u tho rs  f e l t  th a t  th e  assum ption 
th a t  th e  c h lo ro fo rm  p ro to n  l i e s  on th e  s ix - f o ld  symmetry 
a x is  u n ju s t i f ie d ,  though q u ite  p ro b a b le . I f  such a 
s p e c if ic  a c t io n  were p o s s ib le  between th e  a c e tic  a c id  
monomer and benzene th e n  th e  monomer would be p re fe re n ­
t i a l l y  s ta b i l is e d  w ith  re sp e c t to  th e  dim er and conse­
q u e n tly  E w i l l  be much s m a lle r  in  benzene th a n  inassn.
cyc lohexane. T h is , in  f a c t ,  is  th e  case. IH irth e r 
evidence in  fa vo u r o f such an in te r a c t io n  is  th e  fa c t  
th a t  th e  -  OH resonance peak in  benzene is  much broader 
th a n  the-OH resonance peak in  cyclohexane a t  s im i la r  
c o n c e n tra tio n s . In  benzene s o lu t io n  t h is  broaden ing 
became n o tic e a b le  a t c o n c e n tra tio n s  as h ig h  as mole
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f r a c t io n  a c id  o f 0*03 w h i ls t  in  cyclohexane s o lu t io n  
th e  -  OH resonance peaks were sharp r ig h t  down to  th e  
lo w e s t a c id  c o n c e n tra tio n s .
In  I .R .  spectroscopy i t  i s  p o s s ib le  t o  observe 
v ib r a t io n a l  bands f o r  bo th  asso c ia te d  (d im e r ic )  and non 
a sso c ia te d  (monomeric) s ta te s  s im u lta n e o u s ly . T h is  is  
no t p o s s ib le  in  n .m .r .  spectroscopy as th e  c o r r e la t io n  
t im e  is  s u f f i c ie n t ly  sm a ll r e la t iv e  to  th e  l i f e t im e s  o f 
th e  two s ta te s  f o r  th e  -  OH p ro to n  resonance to  be ob­
served o n ly  a t th e  freq ue ncy  co rre spond in g  t o  th e  average 
s h ie ld in g  o f th e  two s ta te s . S ince o n ly  one sharp 
s ig n a l is  observed th e  l i f e t im e  o f th e  hydrogen bonded 
s ta te  must be c o n s id e ra b ly  s h o r te r  th a n  th e  re c ip ro c a l 
o f th e  hydrogen bond s h i f t ,  i . e .  le s s  th a n  10 "^  seconds. 
In  p r in c ip le  th e  p h y s ic a l c o n d it io n s  cou ld  be a lte re d  so 
th a t  th e  hydrogen bonded d im er has an average l i f e t im e  
o f  th e  o rde r o f 10" seconds, th e re b y  p e rm it t in g  measure­
ment o f  th e  chem ica l s h i f t  ( r e la t iv e  to  th e  -CH^ p ro to n s ) 
o f  both monomeric and d im e ric  h y d ro x y l p ro to n s . I t  is  
co n ce iva b le  th a t  in  benzene s o lu t io n  th e  l i f e t im e  o f th e  
monomeric spec ies is  inc reased  by i t s  p r e fe r e n t ia l  s o lva ­
t io n  by benzene m o lecu les .
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Another approach to  th e  problem  is  t o  co n s id e r 
what e f fe c t ,  i f  any, t h is  s p e c if ic  in te r a c t io n  between 
a benzene so lve n t molecilLe and an a c e tic  a c id  monomer 
m olecu le  would have on th e  c h a r a c te r is t ic  r e la x a t io n  
tim e s  o f a c e t ic  a c id . The l i n e  w id th  o f peaks is  re ­
la te d  to  bo th  T^ and Tg, th e  s p in - la t t i c e  and s p in -s p in  
r e la x a t io n  tim e s  re s p e c t iv e ly .  These tim es  are  o fte n
re fe r re d  to  as th e  lo n g itu d in a l and tra n s v e rs e  re la x a t io n  
tim e s . I t  i s  w e l l  known th a t  th e  n .m .r .  l i n e  w id th s  in  
l iq u id s  and gases are  much s m a lle r th a n  fo r  th e  same mole­
cu le s  in  th e  s o l id  s ta te .  That t h is  is  so is  th e  re ­
s u l t  o f  th e  averag ing  e f fe c t  caused by ra p id  v a r ia t io n  
o f  th e  p e r tu rb in g  environm ent on th e  m ob ile  phases. In  
a s o lu t io n  any fa c to r  w h ich ten ds  to  s low  t h is  v a r ia t io n  
o f  lo c a l  environm ent may a ls o  in c re a se  th e  l i n e  w id th .
Thus an in c re a se  in  th e  l i f e t im e  o f th e  monomeric spec ies 
cou ld  a f fe c t  the  l i n e  w id th  by a l te r in g  T^ and T ^.
The whole q u e s tio n  o f th e  n a tu re  o f  t h is  in t e r ­
a c t io n  between s o lu te  m olecu les and benzene is  o f  p a r t i ­
c u la r  in te r e s t .  A re ce n t paper by Ronayne and W illia m s  
m o d if ie s  some o f  th e  ideas expressed in  th e  past as to  
th e  n a tu re  o f t h is  in te r a c t io n .  The a u th o rs , q u ite
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re a so n a b ly , suggest th a t  any mechanism which p u rp o rts  to  
e x p la in  benzene-induced s o lv e n t s h i f t s  should co n s id e r 
th e  fo llo w in g  p o in ts .  f i r s t l y ,  th e  n a tu re  o f th e  
in te r a c t io n ;  second ly , th e  s to ic h io m e try  o f th e  in t e r ­
a c t io n ;  t h i r d l y ,  th e  thermodynamic s t a b i l i t y  o f  th e
c o l l i s io n  complex and f i n a l l y  i t s  t im e  averaged s te re o -
T 86 87 88chem ica l n a tu re . There is  c o n s id e ra b le  ev idence ' * * ' '
th a t  th e  benzene-m olecule a c ts  as an e le c tro n  donor to  an 
e le c tro n  d e f ic ie n t  re g io n  in  th e  s o lu te  m o lecu le . T h is  
d o n a tio n  induces a t r a n s ie n t  d ip o le  in  th e  benzene mole­
c u le  and th e  in te r a c t io n  may be regarded as o f th e  d ip o le -  
induced d ip o le  ty p e . I t  is  w id e ly  assumed th a t  th e  
s to ic h io m e try  o f th e  c o l l i s io n  complex is  always 1 :1 ,
I n  f a c t ,  as th e  a u th o rs  p o in t  ou t th e re  is  scant evidence 
f o r  t h is  assum ption. I f  th e  in te r a c t io n  can be re p re ­
sented as an e q u il ib r iu m .
Benzene + S o lu te  ^  C o l l is io n  Complex
th e n  th e  so lve n t s h i f t  o u ^ it  t o  be tem pera tu re  dependent.
8 9I t  has been shown th a t  th e  p ro to n  resonance peaks o f 
a rom atic  s o lu te s  in  benzene move to  h i ^  f i e l d  as th e  
tem pera tu re  is  low ered . T h is  s h i f t  is  in d ic a t iv e  o f
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th e  fa c t  th a t  complex fo rm a tio n  is  favoured a t low er 
te m p e ra tu re .
The stereochem istry o f  th e s e  complexes is  assumed 
to  he such as to  enable th e  re g io n  o f  h ig h  7 f  - e le c t ro n  
d e n s ity  o f th e  benzene m olecu le  to  in te ra c t  w ith  th e  
e le c tro n  d e f ic ie n t  s i t e .  The a u tho rs  went on t o  
p o in t  out th a t  as i t  is  g e n e ra lly  accepted th a t  benzene 
w i l l  a c t as an e le c tro n  donor to  an e le c tro n  d e f ic ie n t  
s i t e ,  th e n  th e re  is  no r e a l reason why th e  c o l l i s io n  com­
p le x  need always ben analysed as a 1 :1  com plex, bu t ra th e r  
i t  would seem s e n s ib le  to  expect an a s s o c ia t io n  a t each 
e le c tro n  d e f ic ie n t  s i t e  in  a p o ly fu n c t io n a l m o lecu le .
In  g e n e ra l, th e re fo re ,  th e  benzene m olecu les w i l l  be 
o r ie n te d  by th e  e le c tro n  d e f ic ie n t  s i t e  o f a lo c a l  d i ­
po le# In  th e  p a r t ic u la r  case o f  th e  a c e tic  a c id -  
benzene in te r a c t io n  a benzene m olecu le  can be cons ide red  
as s o lv a t in g  th e  ca rb o x y l group# Whether or no t t h is  
s o lv a t io n  is  e f fe c te d  by th e  h y d ro x y l group a lone in te r ­
a c t in g  w ith  th e  l r  - e le c t ro n  c lo ud  o r whether th e  benzene 
m o lecu le  in te ra c ts  w ith  th e  ca rb o xy l group as a whole is  
an open q u e s tio n . Two types  o f  p o s s ib le  in te ra c t io n  
are  v is u a lis e d #
147,
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In  b o th  s o lv e n ts  th e  g e ne ra l r e la t io n s h ip  be­
tween A . and th e  c o n c e n tra tio n  o f  a c id  may be e x p la in ­
ed by assuming th a t  on d i lu t i o n  th e  d iso rd e re d  p o lym e ric  
cha ins  in  pure a c e t ic  ac id  are broken up and re p la ced  by 
th e  h ig h ly  o rdered d im e ric  m o lecu les . The h y d ro x y l
p ro to n  in  a c e t ic  ac id  dim er is  le s s  w e ll s h ie ld e d  and 
consequently  th e  average resonance frequency is  low er 
th a n  in  pu re  a c id . At a c id  c o n c e n tra tio n s  low e r th a n  
mole f r a c t io n  equal to  0*1 d is s o c ia t io n  o f th e  dimer 
in c rea ses  and consequen tly  th e  average h y d ro x y l reson ­
ance freq uency  in c re a se s . The p o la r  monomer is  favoured  
r e la t iv e  to  th e  dim er in  a so lve n t o f  h i ^  d ie le c t r ic  con­
s ta n t .  Benzene has a s l i g h t l y  h ig h e r d ie le c t r ic  con­
s ta n t th a n  cyclohexane even so a t th e  low est c o n c e n tra tio n
1 4 8 .
a t which i t  proved p o s s ib le  to  make measurements, th e re  
had been l i t t l e  u p f ie ld  movement o f th e  h y d ro x y l reson ­
ance freq uency . These tre n d s  can be seen in  Graphs 
C . l .  and C .2.
73P itz e r  and Davis recogn ised  th a t  i t  was im­
p o s s ib le  to  o b ta in  an accu ra te  va lu e  o f &
c a rb o x y lic  a c id  in  benzene from  n .m .r .  da ta  a lone. The 
w r i t e r  concurs w ith  t h i s .  U sing th e  p rede term ined
v a lu e  o f K. =* 138*9 l.m o le " ^  a ttem pts  have been madeas sn . ^
to  c a lc u la te  th e  va lue s  o f ^  ^  a n d ^ t h e  a b so lu te  
chem ica l s h i f t s  o f  monomer and d im er, [ A l l  chem ica l 
s h i f t s  were measured r e la t iv e  t o  th e  m ethy l p ro to n s ].  
Depending on which p a ir  o f  measurements were used, how- 
eve r, v a ry in g  va lue s  j t ' a n d  p were o b ta in e d .
T h is  in d ic a te d  e ith e r  th a t  th e  e xp e rim en ta l r e s u lts  were 
in a c c u ra te  or e lse  th a t  th e  th e o ry  o f th e re  be ing o n ly  
monomer and dim er p re sen t in  s o lu t io n  inadequa te .
Indeed th e  v a l i d i t y  o f  t h is  assum ption a t c o n c e n tra tio n s  
g re a te r  than  1?^  had always been d o u b t fu l.  T h is , o f  
course, is  borne out by th e  m o lecu la r p o la r is a t io n  
measurements.
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(b ) A c e tic  A d d -P v rid in e -B e n ze n e  System
Q O
As p re v io u s ly  m entioned Toyoda and co-w orkers 
re p o rte d  th e  n .m .r ,  sp e c tra  o f  th e  a c e t ic  a c id -p y r id in e  
b in a ry  system . There appeared to  be no p u b lis h e d  work 
d e a lii]g  w ith  the  te rn a ry  system . The w r i te r  decided 
to  rep ea t Toyoda*s work in  th e  l i g h t  o f th e  fa c t  th a t  
h is  co n c lu s io n s  d i f fe r e d  from  those  reached from  a 
c o n s id e ra tio n  o f th e  In fra -B e d  sp e c tra  o f the se  system s,^^ 
The n .m .r .  s p e c tra  were measured f o r  a s e r ie s  o f b in a ry  
m ix tu re s  o f a c e t ic  a c id  and p y r id in e .  A p lo t  o f A  , 
th e  s e p a ra tio n  in  c /s  between th e  -  OH and -  CH^ p ro to n  
resonance s ig n a ls ,  a g a in s t x ,  mole f r a c t io n  o f  a c id , i s  
shown in  Graph 0 ,3 ,
The n .m .r ,  spectrum o f  p y r id in e  was re p o rte d  by
84B rd g e l. T h ^ v a lu e s  o f th e  ^  and ^  p ro tons
were 1*50 , 3*015 and 2*65 re s p e c t iv e ly .  The spectrum, 
a m o lecu le  o f  th e  ty p e  AB^Zg w ith  th e  p ro to n s  id e n t i ­
f ie d  w ith  th e  ^  and ^  p ro to n s  id e n t i f ie d
w ith  B^ and A r e s p e c t iv e ly ,  is  ra th e r  co m p lica te d .
2 p in -s p in  c o u p lin g  w ith  th e  n itro g e n  nucleus is  e lim in a ­
te d  by quadrupole r e la x a t io n .
A d d it io n  o f  a v e ry  sm all q u a n t ity  o f a c id  has
TABLE G .3.
ACETIC A C ID -P Y H IL IE E  SYSTEÎi
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no n o tic e a b le  e f fe c t  on e ith e r  th e  p o s it io n s  or in te n ­
s i t ie s  o f th e  l in e s  o f th e  p y r id in e  spectrum . W ith  
th e  a d d it io n  o f in c re a s in g  amounts o f a c id  th e re  is  a 
d e f in i t e  com pression o f  th e  spectrum  as th e  ^  and ^  
p ro to n  resonances move s h a rp ly  t o  low  f i e l d .  There 
i s ,  a t th e  same t im e , a s l ig h t  d o w n fie ld  movement o f 
th e  o( p ro to n  resonance. I t  i s  norm al to  reg a rd  th e  
bond ing o r b i ta ls  o f th e  n it ro g e n  atom in  p y r id in e  as 
be ing  in  a sp h y b r id  s ta te .  The atom w i l l  c o n t r i ­
b u te  one 2p atom ic o r b i t a l  to  th e  con juga ted  arom atic  
r in g  system o f  p y r id in e ,  and one o f i t s  e le c tro n s  can 
be regarded  as be ing  c o n tr ib u te d  to  th e  a ro m a tic  s e x te t.  
ITo change in  th e  s ta te  o f h y b r id is a t io n  is  necessary 
b e fo re  bond fo rm a tio n  us ing  th e  lo n e  p a ir  can ta k e  
p la c e . In  th e  extreme case o f p ro to n a t io n  to  fo rm  
th e  p y r id in iu m  io n  one can envisage th e  adop tion  by 
th e  n itro g e n  atom o f a fo rm a l p o s it iv e  charge. I f ,  
however, th e re  is  o n ly  a weak in te r a c t io n  between th e  
lo n e  p a ir  and a p ro to n  th e n  o n ly  p a r t ia l  charge t r a n s fe r  
occurs w ith  th e  r e s u lt  th a t  th e  n itro g e n  atom c a r r ie s  
o n ly  a s l ig h t  excess o f p o s i t iv e  charge . Th is  would 
cause a p o la r is a t io n  o f  th e  a rom atic  m o lecu la r o r b i t a l  
tow ards th e  re a c t in g  c e n tre  w ith  th e  r e s u lt  th a t  i t  w i l l  
be th e  and ^  p o s it io n s  th a t  w i l l  be denuded o f
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charge d e n s ity .  Consequently t h e i r  s h ie ld in g  con s tan ts  
w i l l  he low ered and t h e ir  resonance fre q u e n c ie s  w i l l  
s h i f t  t o  low er f i e l d .
A d d it io n  o f p y r id in e  to  a c e t ic  ac id  causes a 
change in  the  s e p a ra tio n  o f th e  -  OH and -  CH^ p ro to n  
resonances. As can be seen from  Graph C ,3 . and Table 
C.3# th e re  is  a maximum s e p a ra tio n  a t a mole f r a c t io n  
o f a c id  o f  about 0 *1 . T h is  is  in  sharp c o n tra s t to  
th e  behav iou r recorded  by Toyoda. How th e  p y r id in iu m  
io n  w i l l  be s ta b i l is e d  by resonance to  a le s s e r  e x te n t 
th a n  p y r id in e .  T h is  is  shown by th e  weakness o f 
p y r id in e  as a base. f t i.m .r .  i s  unab le  to  p rove  or d is ­
p rove th e  ex is te nce  o f bo th  the  above species in  s o lu t io n  
as th e  exchange tim e  between the  two may be s h o rt com­
pared to  th e  c h a r a c te r is t ic  t im e  o f measurement. T h is  
would r e s u lt  in  th e  coa lescence o f th e  two s ig n a ls  in to  
a s in g le  ^ -  H -  H peak w hich in  fa c t  is  vdiat i s  observed, 
Such a s in g le  peak would a ls o  be observed i f  th e re  were 
o n ly  one species in  s o lu t io n .  At h ig h  a c id  co n ce n tra ­
t io n s  th e re  w i l l  be a t le a s t  two species p resen t in  s o lu ­
t io n ,  namely, f re e  ac id  and a sso c ia te d  a c id . There i s  
s t i l l  o n ly  one c h a r a c te r is t ic  h y d ro x y l p ro to n  resonance 
peak. T h is  suggests th a t  th e  freque ncy  o f  making and 
b re a k in g  o f hydrogen bonds is  much g re a te r th a n  th e  f r e -
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quency o f measurement*
Barrow suggested th a t  th e  m ix in g  to g e th e r o f
a c e tic  a c id  and p y r id in e  should r e s u lt  in  th e  fo rm a tio n
o f a s im p le  hydrogen bonded com plex. In  th e o ry  i t
should be p o s s ib le  to  de term ine _ from  th e  n .m .r .assn.
measurements a lone . I t  was n o t p o s s ib le  however to  
o b ta in  m ean ing fu l measurements o f  th e  p o s it io n  o f th e  
OH -  H peak a t c o n c e n tra tio n s  low e r th a n  a m olar f r a c t io n  
o f  0*025. Hence i t  was not p o s s ib le  to  e x tra p o la te  th e  
cu rve  o f A . versus a c id  c o n c e n tra tio n  to  zero concen­
t r a t io n .  At low  ac id  c o n c e n tra t io n s , as in  th e  case 
o f  th e  a c e t ic  acid-benzene system , co n s id e ra b le  broaden­
in g  o f th e  -  0 -  H -  H -  peak occu rred .
Sobyczk and S y rk in  suggested th a t  in  a d d it io n  
to  th e  -  0 -  H . , . H  hydrogen bond ing, a weak in te ra c t io n  
occurs between th e  c a rb o n y l group o f th e  a c id  and th e  
p ro to n s  o f th e  p y r id in e .^  M .m .r .  suggests th a t  t h i s
i s  no t so, as i t  is  th e  p ro ton s  which are le a s t
a f fe c te d  by a d d it io n  o f a c id . However, n .m .r .  is  un­
ab le  to  p rove  or d isp ro ve  th e  e x is te n ce  o f a species w ith  
an ac id -base  r a t io  o f  2 :1 . In f r a - r e d  evidence suggests 
th a t  t h is  is  no t fo rm ed.
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Some work has been done on te rn a ry  m ix tu re s  o f 
a c e t ic  a c id , p y r id in e  and benzene. Prom t h is  two 
phenomena p resen t them se lves. f i r s t l y  b roaden ing o f 
th e  -  OH -  H peak occurs a t much lo w e r a c id  con cen tra ­
t io n  tha n  in  th e  b in a ry  ac id -b ase  m ix tu re s . Secondly, 
d i lu t io n  o f a co n s ta n t r a t i o  a c id :b a se  m ix tu re  w ith  
benzene causes a decrease in  th e  s e p a ra tio n  o f th e  -  OH 
and -  CH^ p ro to n  resonance s ig n a ls .  T h is  is  exp la in ed  
on th e  b a s is  th a t  d i lu t io n  w ith  an in e r t  so lve n t causes 
a b re a k in g  up o f hydrogen bonds in  th e  system r e s u l t in g  
in  th e  fo rm a tio n  o f more ac id  monomer. f r e e  -  OH in  
monomer has a sm a lle r chem ica l s h i f t ,  compared to  th e
-  CH^ p ro to n s , tha n  a sso c ia te d  -  OH in  d im er. Conse­
q u e n tly  th e re  w i l l  be an u p f ie ld  s h i f t  o f th e  average
-  OH resonance freq ue ncy  and accompanying decrease in  
^  . In  th e  te rn a ry  system th e re  are  a t le a s t  th re e  
competing e q u il ib r iu m  processes. These a re  as fo llo w s :
A c id  Monomer + A c id  Monomer A c id  Dimer ( Polym er)
A c id  Monomer + P y r id in e  Acid-Base Complex
A c id  Monomer + Benzene ^  Acid-Benzene * complex*
The e x is te n ce  o f o n ly  one c h a ra c te r is t ic  -  OH 
p ro to n  resonance, ta ke n  to g e th e r w ith  th e  known weakness
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o f p y r id in e  as a base in  w a te r, te n d  to  suggest th a t  th e  
a c e t ic  a c id -p y r id in e  complex is  a s im p le  hydrogen bonded 
complex, A d e f in i t e  in te r a c t io n  between the  ca rb o n y l 
group o f th e  a c id  and th e  p ro to n  o f p y r id in e  has 
been shown p re v io u s ly  to  be p o s s ib le ,  bu t in  v ie w  o f th e  
la rg e  s e p a ra tio n  o f th e  two groups l i t t l e  im portance 
should be a ttached  to  such a p o s s ib i l i t y .
In  summary, th e re fo re ,  th e  a c e tic  a c id -p y r id in e  
complex is  most l i k e l y  a s im p le  hydrogen-bonded complex,
(c )  A c e tic  A c id -4 -P ico lin e -B e n ze n e  System
There is  no re p o rte d  work d e a lin g  w ith  th e  n .m ,r .  
s p e c tra  o f e i th e r  b in a ry  m ix tu re s  o f a c e tic  ac id  and 4 - 
p ic o l in e  o r o f  te rn a ry  m ix tu re s  o f a c id , base and benzene. 
The w r i te r  thought th a t  th e  e f fe c t  o f a c e t ic  a c id  on th e  
n .m .r ,  spectrum  o f a h e te ro c y c lic  base would be b e tte r  
a p p re c ia te d  by exam ina tion  o f th e  n .m .r ,  s p e c tra  o f t h is  
p a r t ic u la r  system . 4 -P ic o lin e  has a s im p le  A^Z^ ty p e  
spectrum  w ith  two d i f f e r e n t  AZ s p in -c o u p lin g  c o n s ta n ts . 
The g e n e ra l th e o ry  o f  t h is  ty p e  o f  spectrum in d ic a te s  
th a t  i t  should c o n s is t o f  tw o groups o f l in e s  each com­
p r is in g  tw e lv e  t r a n s i t io n s  and which a re  id e n t ic a l  in  
p o s it io n  and in te n s i t ie s  w ith  resp e c t t o  t h e i r  re s p e c t iv e
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c e n tre s . Venkatesw arlu re p o rte d  th a t  th e  observed
spectrum co n s is te d  o f a group o f  l in e s  o f m u l t i p l i c i t y
fo u r  a t lo w  f i e l d ,  w ith  a fu r th e r  group more co m p lica ted
by c o u p lin g  w ith  the  -  CH^ p ro tons  a t h ig h e r f i e l d .  Wu 
opand D a ile y  re p o rte d  th a t  th e  n .m .r .  spectrum o f 4 - 
p ic o l in e  c o n s is te d  o f fo u r  s y m m e tr ic a lly  p laced  l in e s  
f o r  each se t o f r in g  p ro to n s . The w r i te r  found , how­
e ve r, th a t  the  s e t o f l in e s  a t h ig h  f i e l d  was com p li­
cated p ro b a b ly  due to  c o u p lin g  w ith  th e  -  CH  ^ p ro to n s . 
The p ro to n  resonance s ig n a l was to  th e  h i ^  f i e l d  
o f bo th  o( and ^  resonance s ig n a ls  and a lso  appeared 
to  be com p lica ted  by s p l i t t i n g .
CM
Lr
The s p e c tra  o f se ve ra l s o lu t io n s  o f 4 -p ic o l in e  
in  cyclohexane were a ls o  measured. The se p a ra tio n  o f 
bo th  and ^  p ro to n  resonances from  th e  1^—m ethy l 
p ro to n  resonance p o s it io n  v a r ie d  w ith  co n ce n trâ t ion#
In  fa c t ,  th e  more d i lu t e  th e  s o lu t io n ,  th e  low e r was th e
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s e p a ra tio n . In  a d d it io n  to  t h is  a l l  th e  p ro to n  reson ­
ance s ig n a ls  s h if te d  to  low  f i e l d  on d i lu t io n .
TABLE C . 4 .
4 - P I C  OLINE-CYCLOHEXAI^E
mole f r a c t io n  base A  ( 4 ) -  4 o /s  A  ( 4
     4 o /s





These measurements were made in  o rd e r to  d e te r ­
mine whether o r not th e  apparent s p l i t t i n g  o f th e  -  CH  ^
p ro to n  resonance s ig n a l is  due to  in tra m o le c u la r  c o u p lin g  
w ith  th e  1^ r in g  p ro to n s  or to  an in te rm o le c u la r  c o u p lin g  
w ith  p ro to n s  on another ^  - p ic o l in e  m o lecu le . I t  was 
th o u g h t th a t  i f  th e  l a t t e r  were th e  case, th e  s p l i t t i n g  
should d isappear on d i lu t io n  w ith  an in e r t  s o lv e n t.  I t  
was im p o rta n t to  use a so lve n t whose on ly  in te ra c t io n  
w ith  th e  4 -p ic o l in e  m olecu le  would be o f th e  Van der Waals 
ty p e . In  fa c t  th e  s p l i t t i n g  d id  d isappear on d i lu t io n ,  
suggesting  th a t  i t  was due to  an in te r  m o lecu la r in t e r -
1 5 8 .
a c t io n .  T h is  m ight have been expected as th e  -  CH^
p ro to n  and th e  r in g  p ro to n s  are s u f f i c ie n t ly  d is ta n t
from  one another f o r  s p in -s p in  s p l i t t i n g  no t n o rm a lly  4
expected to  occu r. However th e  f in e  s t ru c tu re  o f th e
^  p ro to n  resonance due, i t  was th o u g h t, t o  s p l i t t i n g
w ith  th e  -  CH^ p ro to n  resonance d id  not d isappear on
d i lu t io n .  The s h i f t  to  low f ie l d  o f  a l l  the  p ro to n
resonance s ig n a ls  on d i lu t io n  is  in  l i n e  w ith  th e  f in d in g s
9 3o f M u rre l and G il  who s tu d ie d  th e  n .m .r .  sp e c tra  o f  
p y r id in e  and s e v e ra l m ethy l p y r id in e s  and found th a t  th e  
p o s it io n  o f a l l  s ig n a ls  was s e n s it iv e  to  th e  n a tu re  o f  
th e  so lve n t used. In  p a r t ic u la r  th e y  found th a t  th e  
s ig n a ls  were a t h ig h e r f i e l d  p o s it io n  in  benzene or in  
th e  pure  l i q u id  th a n  in  carbon te t r a c h lo r id e  s o lu t io n .
T h is  is  o b v io u s ly  no t a s im p le  d ie le c t r ic  constan t e f fe c t ,  
as th e  d ie le c t r ic  co n s ta n t o f benzene is  v e ry  l i t t l e  
d i f f e r e n t  from  th a t  o f carbon te t r a c h lo r id e  but can be 
e xp la in e d  in  term s o f s p e c if ic  a s s o c ia tio n s  w ith  benzene, 
o r in  th e  case o f pure  l i q u id ,  s e l f  a s s o c ia t io n .
The sp e c tra  o f se ve ra l b in a ry  m ix tu re s  o f 4-  
p ic o l in e  and a c e t ic  a c id  were measured. These are 
summarised in  Tab le  C .5. and graph C .5. The p lo t  o f  
th e  d iffre re n ce  in  frequency between th e  h y d ro x y l and
159.
TABLE 0 . 5 .  
4 - lI C O L I N E - ACETIC ACID



















Xj^ -  m olar f r a c t io n  a c id  
c /s  » cyc le s  per second 












/  r f  ^  Ï
V
o %  0*i ’Ô W
160.
-m e thy l p ro to n  résonances ve rsu s  th e  mole f r a c t io n  o f 
a c id  p re sen t shows a maximum a t m o la r f r a c t io n  about 0 -1  
in  th e  case o f  a c e t ic  a c id  and p y r id in e .
In  g e n e ra l when a non-a rom atic  substance is  d is ­
so lved  in  an a rom atic  s o lv e n t,  d i lu t i o n  o f th e  s o lu te  by 
th e  so lve n t causesthe p ro to n  resonance s ig n a l to  s h i f t  
to  h ig h e r f i e l d .  In  th e  p a r t ic u la r  cases considered 
in  t h is  in v e s t ig a t io n ,  th e  s i tu a t io n  is  somewhat more 
co m p lica te d . I n i t i a l  d i lu t io n  causes a s h i f t  to  low  
f i e l d ,  w h i ls t  fu r th e r  d i lu t io n  causes a re v e rs a l o f t h is  
t re n d . I t  i s  an o v e r s im p li f ic a t io n  to  co n s id e r t h is  
problem  as p u re ly  one o f d is s o lv in g  a c e t ic  a c id , a non- 
a rom atic  s o lu te , in  an a rom atic  s o lv e n t.  The p o s it io n  
o f th e  resonance s ig n a l from  th e  0 -  H -  W p ro to n  is  an 
in d ic a t io n  o f  th e  ty p e  o f environm ent d»  which t h is  p ro ­
to n  f in d s  i t s e l f  in .  In  benzene as so lve n t th e  s h i f t  
to  low  f i e l d  was in te rp re te d  as a b re a k in g  up o f th e  
p o lym e ric  a c e t ic  a c id  m olecu les y ie ld in g  d is c re te  c y c l ic  
d im ers ; fu r th e r  d i lu t io n  caused th e  b re a k in g  up o f th e  
d is c re te  dim ers y ie ld in g  monomeric a c e t ic  a c id  w ith  
accompanying s h i f t  o f th e  resonance peak to  h ig h  f i e l d .  
The chem ica l s h i f t  is  a maximum when th e  c o n c e n tra t io n
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o f d im er is  a maximum. T h is  w i l l  occur a t d i f f e r e n t  
ac id  c o n c e n tra tio n s  in  d i f f e r e n t  p h y s ic a l environm ents, 
i . e .  in  d i f f e r e n t  s o lv e n ts . What is  more rem arkab le  
is  th a t  th e  m agnitude o f t h i s  se p a ra tio n  is  f a i r l y  con­
s ta n t .
TABLE C .7 .
S o lven t Maximum Chemical S h if t  o f
______________  OH -  p ro to n  ( c /s )
Benzene 662
P y r id in e  761
4 -P ic o lin e  762
2 ,6  lu t id e n e  748
Q u in o lin e  760
(d ) A c e tic  A c id -2 ,6 -fu tid 0 n e -B e n ze n e  System
There a re  no in v e s t ig a t io n s  o f the  n u c le a r 
m agnetic resonance s p e c tra  o f e ith e r  th e  A c e tic  a c id -  
2 ,6  L u tid e n e  b in a ry  m ix tu re  or th e  acid-base-bensene 
te rn a ry  m ix tu re  re p o rte d  in  th e  l i t e r a t u r e .  2 ,6  L u t i ­
dene is  an example o f th e  ABg c la s s  o f n .m .r .  s p e c tra , 
a d e ta ile d  exam ina tion  o f which was f i r s t  re p o rte d  by 
B e rn s te in  e t a l ia . ^ ^  The la b e l AB^ re fe rs  to  th e  
th re e  r in g  p ro to n s  o f 2 ,6  L u tid e n e  and means th a t  th e re
1 6 2 .
are  two d i f f e r e n t  typ e s  o f p ro to n , th e  c o u p lin g  con s tan ts  
between which a re  o f th e  same order o f m agnitude as th e  
chem ica l s h i f t  between them . 2 ,6  L u tid e n e  has a r e la ­
t i v e l y  s im p le  spectrum s in c e  th e  c o u p lin g  con s tan ts  be­
tween th e  m ethyl group p ro ton s  and th e  r in g  p ro ton s  are  
r e la t i v e ly  sm a ll because o f  th e  g re a t s e p a ra tio n  ( fo u r  
bond le n g th s ) .  F u r th e r , th e  p o s s ib le  s p in  c o u p lin g  
between th e  ^ nucleus and th e  m ethy l p ro to n s  is  e l im i­
na ted  by quadrupole re la x a t io n .  The th e o r e t ic a l ly  c a l­
c u la te d  spectrum  o f 2 ,6  L u t id ie n e  c o n s is ts  o f  n in e  l in e s .  
The n in th  l i n e  is  no t n o rm a lly  observed because o f i t s  
lo w  in te n s i t y .
U.M.R. Spectrum 2 .6 -£u tid j^ne
The n .m .r .  sp e c tra  o f  se ve ra l b in a ry  m ix tu re s  
o f a c e t ic  a c id  and 2 ,6  lu t id e n e ,  and o f s e v e ra l te rn a ry
1 6 3 .
m ix tu re s  o f a c id , base and benzene were de te rm ined .
^n th e  fo rm e r, in te r e s t  was cen tred  on ( l )  th e  separa­
t io n  o f th e  h y d ro x y l and m ethy l p ro to n  resonance and
( 2) th e  e f fe c t ,  i f  any, o f  th e  a d d it io n  o f a c id  on th e  
p ro to n  resonance spectrum  o f th e  base.
A p lo t  o f  th e  s e p a ra tio n  o f the  h y d ro x y l and 
m ethy l p ro to n  resonances ve rsu s  m olar f r a c t io n  o f  a c id  in  
th e  b in a ry  m ix tu re  is  shown in  Graph 0 .8 . The maximum
s e p a ra tio n  occurs a t molar f r a c t io n  a c id  : 0 .5 .  I t
o p
w i l l  be remembered th a t  Toyoda and co -w orke rs  found 
a maximum a t m olar f r a c t io n  0*5 in  th e  case o f  th e  a c e tic
o p
a c id -p y r id in e  b in a ry  m ix tu re . The au tho rs  to o k  t h is  
as evidence f o r  th e re  be ing a double minimum p o te n t ia l  
energy fo r  th e  -  0 -  H -  N p ro to n  of th e  ty p e
(3)
U . . .  H -  0 ^  R -  H . . . .  0
In  th e  case o f  th e  a c e tic  a c id -2 ,6 - lu t id e n e  s y s te A ^ e  
p o s it io n  o f t h is  maximum is  again in d ic a t iv e  o f th e  
com p os ition  o f th e  m ix tu re  c o n ta in in g  th e  maximum con­
c e n tra t io n  o f d im er. I t  w i l l  be remembered th a t  the 
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a c id  and 2 ,6  L u tid e n e  in  benzene s o lu t io n  has been 
found to  be about 5. The d im é r is a t io n  con s tan t o f 
a c e t ic  a c id  in  benzene has been found t o  be about 140.
I t  seems reasonab le  t o  suggest th e re fo re  th a t  th e  d i ­
m é r is a tio n  process w i l l  be favou red  in  2 ,6  L u tid e n e  as 
compared to  th e  o the r h e te ro c y c lic  bases used in  t h is  
in v e s t ig a t io n .  T h is  is  borne out by th e  low  v a lu e  
o f  th e  a c id -b ase  a s s o c ia t io n  cons tan t in  benzene.
(e ) A c e tic  A c id -Q u ino line -B enzene
Again , as w ith  a c e t ic  a c id  and 2 ,6  L u tid e n e  
th e re  is  no work re p o rte d  in  th e  l i t e r a t u r e  d e a lin g  w ith  
th e  n u c le a r magnetic resonance s p e c tra  o f  e ith e r  th e  
b in a ry  or t e r t i a r y  system s. The n .m or. spectrum  o f 
Q u in o lin e  has been re p o rte d  by Schaefer.® ^ A d ia -  
g ra m a tic  re p re s e n ta t io n  is  in  th e  d iagram  below:
U.M.B. Spectrum Q u in o lin e
166,
a)r
T h e  q u a r t e t s  l o w e s t  an d  h i g h e s t  f i e l d s  
a r e  i d e n t i f i e d  a s  t h e  BX p a r t  o f  a n  ABX g r o u p i n g  e x p e c t ­
e d  f o r  p r o t o n s  2 , 3  a n d  4 .  T h e  q u a r t e t  e x p e c t e d  f o ^ H ^  
i s  l o c a t e d  i n  t h e  r e g i o n  i n d i c a t e d  i n  t h e  f i g u r e .
N.M.E. s p e c t r a  o f  s e v e r a l  b i n a r y  m i x t u r e s  o f  
a c e t i c  a n d  q u i n o l i n e  w e r e  d e t e r m i n e d .  A p l o t  o f  t h e  
s e p a r a t i o n  o f  t h e  h y d r o x y l  a n d  m e t h y l  p r o t o n s  v e r s u s  
m o l a r  f r a c t i o n  o f  a c i d  p r e s e n t  i s  s h o w n  i n  G r a p h  C . 9 .
I n  t h i s  c a s e  t h e  m axim um  o c c u r s  a t  m o l a r  f r a c t i o n  o f  
a c i d  0 * 3 ,
/  6 6’
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T h e  a i m  o f  t h i s  r e s e a r c h  w a s  t o  i n v e s t i g a t e  
t h e  n a t u r e  o f  t h e  c o m p l e x e s  f o r m e d  b e t w e e n  o r g a n i c  a c i d s  
a n d  b a s e s  i n  a p r o t i c  s o l v e n t s .  T o  d o  t h i s ,  b o t h  t h e  
d i p o l e  m o m e n t s  a n d  n u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r a  
o f  t h e s e  c o m p l e x e s  w e r e  d e t e r m i n e d .  S e v e r a l  i n v e s t i ­
g a t o r s  4 9 , 6 7 , 9 0  u s e d  t h e  t e c h n i q u e  o f  d i p o l e  m om ent
m e a s u r e m e n t  t o  i n v e s t i g a t e  s y s t e m s  s i m i l a r  t o  t h o s e  
s t u d i e d  h e r e .  S i m i l a r l y  n . m . r .  s p e c t r o s c o p y  h a s  b e e n
u s e d  t o  s t u d y  t h i s  t y p e  o f  s y s t e m .  H o w e v e r ,  t h e  t w o  
t e c h n i q u e s  h a v e  n e v e r  b e f o r e  b e e n  u s e d  s i m u l t a n e o u s l y .
E a r l i e r  i n  t h i s  t h e s i s  i t  w a s  s t a t e d  t h a t  
n o n e  o f  t h e  m e t h o d s  u s e d  b y  e a r l i e r  i n v e s t i g a t o r s  t o  
m e a s u r e  s i m u l t a n e o u s l y  b o t h  d i p o l e  m om ent a n d  a s s o c i a t i o n  
c o n s t a n t  o f  a n  a c i d - b a s e  c o m p l e x  i n  s o l u t i o n ,  w e r e  s u i t ­
a b l e  f o r  t h e  s y s t e m s  s t u d i e d  b y  t h e  w r i t e r .  An a p p r e ­
c i a t i o n  o f  t h e  m e t h o d  d e v i s e d  b y  t h e  w r i t e r  t o  s o l v e  
t h i s  p r o b le m ,  i s  t h u s  n e c e s s a r y .  T h e  e x p e r i m e n t a l  
t e c h n i q u e s  w e r e  s i m i l a r  t o  t h o s e  u s e d  b y  p r e v i o u s  i n v e s t i ­
g a t o r s . ^ ^  T h e  c a l c u l a t i o n  o f  b o t h  d i p o l e  m om en t  a n d  
a s s o c i a t i o n  c o n s t a n t  w a s  r e n d e r e d  s i m p l e  t h r o u g h  t h e
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s u c c e s s f u l  d e v e l o p m e n t  o f  s i m p l e  c o m p u t o r  p r o g r a m s .
I t  w a s  t h o u g h t  p o s s i b l e  t o  s p o t  t h o s e  v a l u e s  o f  E g  
a n d  Q w h i c h  f o r t u i t o u s l y  y i e l d e d  s e e m i n g l y  a c c u r a t e  
v a l u e s  o f  t h e  d i e l e c t r i c  c o n s t a n t  i n c r e m e n t .  T h i s  
p r o v e d  t o  b e  t h e  c a s e  i n  t h i s  i n v e s t i g a t i o n  d u e  m a i n l y  
t o  a  p r i o r  k n o w l e d g e  o f  t h e  a p p r o x i m a t e  d i p o l e  m o m e n ts  
o f  t h e  c o m p l e x e s .  v i f i th o u t  t h i s  k n o w l e d g e  t h e  p r o b l e m  
w o u l d  h a v e  b e e n  m o r e  a c u t e  p a r t i c u l a r l y  i n  c a s e s  w h e r e  
E g i s  v e r y  l o w .  F u r t h e r  u s e  o f  t h i s  m e t h o d  i s  n e e d e d  
b e f o r e  i t s  s u c c e s s  o r  o t h e r w i s e  i s  d e t e r m i n e d .
T h e  f o r m a t i o n  o f  c o m p l e x e s  b e t w e e n  o r g a n i c  a c i d s  
a n d  b a s e s  i n  b e n z e n e  c a n  b e  r e p r e s e n t e d  a s  a  s e r i e s  o f  
e q u i l i b r i a :
( l )  -  +
AH + B —  AH . . .  B A . . . .  HB
T h e  e x t e n t  t o  w h i c h  t h i s  e q u i l i b r i u m  i s  s h i f t e d  
t o  t h e  r i g h t  i s  v e r y  m uch  d e p e n d e n t  o n  t h e  n a t u r e  o f  AH 
a n d  B .  A c e t i c  a c i d  i s  a  r e l a t i v e l y  w e a k  a c i d  i n  a q u e o u s  
s o l u t i o n  an d  a n  e v e n  w e a k e r  o n e  i n  b e n z e n e  s o l u t i o n .
A l l  t h e  n i t r o g e n o u s  b a s e s  u s e d  w e r e  f a i r l y  w e a k  ( p E a s  
i n  a q u e o u s  s o l u t i o n  v a r i e d  f r o m  4 * 9  t o  6 * 7 ) .
T h e  s t r e n g t h  o f  a  b a s e  i n  a  g i v e n  s o l v e n t  i s  
m e a s u r e d  b y  t h e  e x t e n t  o f  t h e  r e a c t i o n ,
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+ +
B + SH ^  Bïï + S
i n  w h i c h  B i s  t h e  b a s e  a n d  S t h e  s o l v e n t .  I t  s e e m e d  
r e a s o n a b l e  t o  s u p p o s e  t h a t  f o r  a  g i v e n  s e r i e s  o f  c h e m i ­
c a l l y  s i m i l a r  b a s e s ,  i . e .  t h e  b a s e s  u s e d  i n  t h i s  w o r k ,  
t h e  r e l a t i v e  o r d e r  o f  b a s e  s t r e n g t h  w o u l d  n o t  v a r y  f r o m  
s o l v e n t  t o  s o l v e n t .  I n d e e d  b y  m e a s u r i n g  b a s e  s t r e n g t h s  
i n  a c e t i c  a c i d  s o l u t i o n  t h r o u g h  t i t r a t i o n  a g a i n s t  p e r ­
c h l o r i c  a c i d .  H a l l  h a s  s h o w n  t h a t ,  a s  i n  w a t e r ,  
p y r i d i n e  i s  a  s t r o n g e r  b a s e  t h a n  q u i n o l i n e .
TABLE D . l .
-1 \Base pEa Eg ( l.m o le ^
Q u in o lin e 4*9 20 i  2
P y r id in e 5*2 10 t  2
4 -P ic o lin e 6*0 2 5 - 3
2 ,6 - fu t id ^ n e 6*7 4*5 -  0 - 5
I t  is  d i f f i c u l t ,  th e re fo re ,  to  e x p la in  th e  
anomalous o rde r o f va lue s  o f Eg l i s t e d  in  Table B . i .  
One would expect Eg fo r  th e  a c id -2 ,6 - f iu t id ^ n e  complex 
to  be r e la t iv e ly  low  due to  th e  a n t ic ip a te d  b lo c k in g  
e f fe c t  o f th e  two b u lk y  m ethy l g roups. A lso  one 
m ight have expected th e  r e la t iv e ly  b u lk y  q u in o lin e
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m o l e c u l e  t o  h i n d e r  c o m p l e x  f o r m a t i o n .  A ny s u c h  e f f e c t ,  
i f  p r e s e n t  a t  a l l ,  i s  o b v i o u s l y  o v e r s h a d o w e d  b y  s o m e  o t h e r  
p h e n o m e n o n  w h i c h  r e s u l t s  i n  q u i n o l i n e  b e i n g  a  m uch b e t t e r  
c o m p l e x i n g  m o l e c u l e  t h a n  p y r i d i n e  o r  4 - P i c o l i n e .
h . M . R .  s p e c t r o s c o p y  w a s  u s e d  i n  t h i s  i n v e s t i g a t i o n  
i n  o r d e r  t o  h e l p  t o  e x p l a i n  t h e  n a t u r e  o f  t h e  c o m p l e x e s  
f o r m e d  b e t w e e n  a c e t i c  a c i d  a n d  h e t e r o c y c l i c  b a s e s  i n  
b e n z e n e  s o l u t i o n  a n d  a l s o  t o  s h e d  f u r t h e r  l i g h t  o n  t h e  
m o l e c u l a r  s t a t e  o f  a c e t i c  a c i d  d i s s o l v e d  i n  a p r o t i c  s o l ­
v e n t s .  C o n s i d e r i n g  t h e  s e c o n d  c a s e  f i r s t ,  n . m . r .  
s u p p o r t s  t h e  c o n t e n t i o n  t h a t  a t  l o w  c o n c e n t r a t i o n  i n  
b e n z e n e  s o l u t i o n  t h e r e  e x i s t s  a n  e q u i l i b r i u m  b e t w e e n  
m onom er a n d  d i m e r .  I t  i s  u n a b l e  t o  p r o v e  o r  d i s p r o v e  
t h e  e x i s t e n c e  o f  b o t h  c y c l i c  d i m e r s  a n d  o p e n  c h a i n  p o l y ­
m e r s .  I t  d o e s ,  h o w e v e r ,  a f f o r d  f a i r l y  c o n c l u s i v e  e v i ­
d e n c e  o f  t h e  e x i s t e n c e  o f  a n  i n t e r a c t i o n  b e t w e e n  t h e  a c i d  
m on om er  a n d  t h e  V -  e l e c t r o n  c l o u d  o f  t h e  b e n z e n e  s o l v e n t  
m o l e c u l e .
A d d it io n  o f a c e t ic  a c id  caused v e ry  l i t t l e  change 
to  e ith e r  th e  r e la t i v e  p o s it io n s  or in te n s i t ie s  o f th e  
r in g  p ro to n  resonance peaks o f th e  h e te ro c y c lic  bases.
T h i s  i s  c o n s i s t e n t  w i t h  t h e  v i e w  t h a t  o n l y  v e r y  s m a l l
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c h a r g e  d i s p l a c e m e n t s  a r e  a s s o c i a t e d  w i t h  h y d r o g e n  b o n d i n g  
i n  t h e s e  c o m p l e x e s .
T h e r e  i s  c e r t a i n l y  n o  s i m p l e  r e l a t i o n s h i p  b e ­
t w e e n  t h e  p K a  o f  t h e  b a s e  i n  w a t e r  a n d  t h e  m o l a r  f r a c t i o n  
o f  a c i d  g i v i n g  t h e  m axim um  s e p a r a t i o n  o f  -  OH and  -  CH^ 
p r o t o n  r e s o n a n c e s .  H o r  i n d e e d  d o e s  t h e r e  s e e m  t o  b e  
a n y  c o r r e l a t i o n  b e t w e e n  t h e  p o s i t i o n  o f  t h i s  maximum  
a n d  t h e  a s s o c i a t i o n  c o n s t a n t  Kg*
I n  s u m m a r y ,  t h e r e f o r e ,  t h e r e  a p p e a r s  t o  b e  l i t t l e  
d o u b t  t h a t  t h e s e  c o m p l e x e s  a r e  s i m p l e  h y d r o g e n  b o n d e d  com ­
p l e x e s .  T h e  v a l u e s  o f  t h e  a s s o c i a t i o n  c o n s t a n t s  f o u n d  
b y  t h e  w r i t e r  may n o t  b e  a b s o l u t e  o n e s ,  b u t  i t  i s  t h e i r  
r e l a t i v e  o r d e r  w h i c h  i s  p e r p l e x i n g .  T h e  u s e  o f  n . m . r .  
h a s  p e r h a p s  n o t  b e e n  a s  s u c c e s s f u l  a s  o n e  w o u l d  h a v e  
h o p e d  i n  e l u c i d a t i n g  t h e  p r o b l e m .  T h i s  w a s  d u e  m a i n l y  
t o  t h e  r e l a t i v e  i n s e n s i t i v i t y  o f  t h e  t e c h n i q u e  t o  v e r y  
l o w  c o n c e n t r a t i o n s  o f  h y d r o x y l  p r o t o n .
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ABPm PlX 2
COMPUTER. PRQGRMS USED IN  THIS INVESTIGATION 
1* ProCTam A
Computing 4000 in s t r u c t io n s  
Output
0 l i n e  P r in te r  2000 l in e s  
S to re  35/45 B locks 
C om piler E x c h lf  
T i t l e
A c id  base e q u i l ib r ia  
Chapter 0
V -  ■) 500 
2 -  ^  10 
G -  > 10 
A -  >  500 
B 10
E ~y 1000  
2 500
H 100 
E -  1 (1 ) 4 
Head (M )
180,
R ep  e a t  




K = 1 (1 ) 3 
Read (BE)
1 = 1 (1) 6 
Read (AL)
Read (H)
1 = 0 
V ( I )  =
10) T -  B (E )V (I)  + 1 
Z ' .  8B A(I)
W = 3E ( *  SORT (XY + Z ')  -  Ï / *  (4U) 
C = W B(E)V(I)
B = K (A(D) -  C -  W)/2 
W .  F (l)W  
B* = R(2)D 
B» -  B (3)B(K)
C’ = B(4)C 
2  =  0 
Z(B) -
181.
20) E -  G(1)W + G(2)D* + G (3)B ' + Z(P)C ' -  G(3) E (3) C 
II* .  E -  H 




P r in t  (Z (P ), 2, 2)
P r in t  (E , 5, 5)
P r in t  ( ? ' ,  5, 5)
P r in t  (H«, 8 , 8)
Z (P + 1) « Z (P) + 0*5
P =P + 1
Jump 20, Z(P) <
P r in t  (1 , 1 , O)
P r in t  (A (1 ) ,  5, 5)
P r in t  (V ( I ) ,  2 , 2)
V + I j  « V ( I )  + 1*0 
1 =  1 +  1 





1 8 2 .
2. ProCTajn B
Computing 4000 In s t r u c t io n s  
Output
0 L in e  P r in te r  2000 l in e s  
S to re  35/45 B locks  
Com piler E x c h lf 
T i t l e  A c id  Base E q u i l ib r ia
Chapter 0 
E - > 10 
G -■> 10 
A -  )  500 
B -  10
Z 500 
H -> 100 
H -  1 (1 ) 4 




E = 1 (1 ) 3 
Read (BE)
B = 1 ( l )  6 
Read (AL)
1 8 3 .
Head (H)
Y = B (K) ? + 1 
X = 8 UA (L )
W -  ï  ( *  SORT (YY + X) -  Y /x  (4U)
C = ra (K ) V
D = X (A (L ) -  C -  W/2
W = B ( 1) W
D* = B(2) D
B' = B (3 ) B (K)
C» = B (4 ) C 
î  = 0  
Z ( î )  -
20) E = G(1)W + G(2)D* + G (3)B ' + Z(P)C* -  G(3)E (3 ) G 
B ' = E -  H 




P r in t  (Z (P ) , 2 , 2)
P r in t  (E , 5, 5)
P r in t  (B * , 5 , 5)
P r in t  (H ',  a,  8)
Z (P + 1) .  Z(P) 'W ’'2 
P = P + 1
184.
Jump 20 , Z (P )<
P r in t  ( 1 , 1 , 0 )
P r in t  (A ( l ) , 5, 5)
P r in t  ( 0 , 5, 5)
P r in t  (D , 5, 5)
P r in t  (M, 5, 5)
P r in t  (O ' ,  5, 5)





Com puting 1000 In s t r u c t io n s  
O utput
0 l i n e  P r in te r  300 l in e s  
S to re  35 /45  B locks  
C om p ile r E x c h lf  
T i t l e
A c id  Base E q u i l i b r ia
C hapter 0 
E - >  10 
G 10
185.
A -  >  500
B 10
H -  7  100
H = 1 (1 ) 4 
Head (BN)
Hep ea t 
Head (U)
Read (V)
K = 1 (1 ) 3 
Read (BE)
1 = 1 (1) 6 
Read ( AL)
Read (H)
I  -  B (E) V + 1 
Z .  8UA (L )
W = X ( *  SORT ( ÏY  + X) -  X ) /x  (4U)
C -  Vffi (E) V
D = X (A (L ) -  C -  W)/2
W* -  B (1 ) W
B ' = B (2 ) B
B* = B (3 ) B (E)
O' = B (4 ) C
E .  G ( 1) W + G (2 ) B ' + G (3 ) B* -  G ( 3) B ( 3) C
1 8 6 .
N e w l i n e
Q a p t i p n
P r i n t  ( E ,  5 ,  5)
P r i n t  ( C ,  5 ,  5 )
P r i n t  ( A  ( 1 ) ,  5 ,  5 )
P r i n t  ( H ,  5 ,  5 )
R ep  e a t  
R e p e a t
C l o s e
4 .  P r o g r a m  D
C o m p u t in g  4 0 0 0  I n s t r u c t i o n s  
O u t p u t
0  l i n e  P r i n t e r  2 0 0 0  l i n e s  
S t o r e  3 0 /4 5  B l o c k s  
C o m p i l e r  E x c h l f  
T i t l e
A c i d  B a s e  E q u i l i b r i a
C h a p t e r  0  
V -  > 2000 
F - >  2000 
G - >  1 0 0 0  
A 2 0 0 0
187.
B -  > 2000 
E -  >  4000 
Z - >  5000 
H -  > 2000 
IJ -  1 (1 ) 4 
Head (BH)
Repeat 




K -  1 (1 ) 3 
Read (BK)
I - 1 (1) 6 
Read (A l)
Read (H)
1 = 0 
T ( I )  .
10) Y* .  V I X (B (K) -  A ( l)  + X (1  -  U -  V l ) / x  (ÜVI)
Z* .  X (B + V I) * (3 V I  X (B(K) -  A ( I ) )  + 3 ) /x  (TOVl)
A* = X 8WT ( Y ' Y ' / 4  + Z * Z 'Z ' / 9 )
V  -  -  0*5 Y* + X SORT (A*)
Bi* = X EXP (0*33333 x  lOG ( E ' ) )
Y = B» -  Y * /je(3 B ')
188.
W = Y -  X (ü + V I ) / *  (3UVI)
Jump down 40, W 0 
Jump down 41, W S A ( l)
C » VIW B(K)/x (1  + VIW)
D = x ( A ( l )  -  G W)/2 
W  » F (1 ) W
D» = F (2 ) D
C  = F (3 ) C
B» = F (4 ) B (%) -  F (4 ) C
F -  0 
Z (F) =
20) E « G ( 1 )  W + G (2 ) D* + G (3 ) B* + 2 (P) C« 
F» -  E H 
H» = F'F*
Jump 50
40) W m 66666.66666 
R e tu rn
41) W -  99999.99999 
50) N ew line 
C aption
H e lp
P r in t  (Z (P ) ,  2, 2)
P rin t (E , 5, 5)
P r in t  (F * ,  5, 5)
P r in t  (H«, 8 , 8)
189
Z ( î  + 1) = Z (P) + 0*5
P = P + 1
Jump 20, Z (P) <
P r in t  (1 , 1 , 0)
P r in t  (A  ( 1 ) ,  5, 5) 
P r in t  (V ( I ) ,  2, 2)
V ( I  + l )  = V ( I )  + 2*0 
1 =  1 +  1 
Jump 10, V ( I )
Repeat
Repeat
End
Close
